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DUST   CONTROL    IN   MINING,    TUNNELING,    AND   QUARRYING 
IN    THE   UNITED   STATES,    1961    THROUGH    1967 

by 
Floyd  G.  Anderson  ]   and    Robert  L.  Beatty  2 


ABSTRACT 

This  report  reviews  and  summarizes  information  on  prevention  and  suppres- 
sion of  dust  in  mining,  tunneling,  and  quarrying  published  in  the- United 
States  from  1961  through  1967.   Unpublished  pertinent  data  developed  or  assem- 
bled by  the  Bureau  of  Mines  during  this  period  also  are  included. 

INTRODUCTION 

Under  the  auspices  of  the  International  Labor  Organization,  member  coun- 
tries review  their  own  information  on  prevention  and  suppression  of  dust  in 
the  mining,  tunneling,  and  quarrying  industries.   Each  country  regularly  sub- 
mits a  summary  report  to  the  International  Labor  Office,  the  secretariat 
designated  to  collect,  assemble,  and  distribute  the  data  in  the  form  of  an 
international  report.   Under  this  arrangement  the  United  States  has  submitted 
six  reports  covering  the  calendar  years  1953  through  1967. 

The  material  reported  for  the  years  1953  through  1960  has  already  been 
summarized  in  three  Bureau  Information  Circulars  (9_-l_0,  151 ). 3   This  publica- 
tion summarizes  the  subject  data  for  the  years  1961  through  1967.   The  Bureau 
plans  to  issue  more  Information  Circulars  as  material  is  developed  for  the 
International  Labor  Office  reports. 

PNEUMOCONIOSIS  STATISTICS 

Available  statistics  showed  that  over  27,000  claims  for  pneumoconiosis 
have  been  settled  by  Workmen's  Compensation  Agencies  in  18  States  since  1950 
( 186  ).   The  claims  amounted  to  approximately  $132  million.   The  data  were 
accumulated  from  published  reports  of  State  compensating  agencies,  by  corre- 
spondence with  those  agencies  and  with  groups  such  as  insurance  companies, 
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and  in  part  by  abstracting  case  files.   It  was  stated  that  this  is  undoubt- 
edly an  underestimate  of  the  true  situation.   The  period  covered  for  the  18 
States  ranged  from  8  to  13  years.   Data  were  not  obtainable  from  30  States 
having  legal  provisions  for  compensation  of  one  or  more  of  the  pneumoconioses. 

Awards  made  by  the  Social  Security  Administration  from  1959  through  1962 
( 166 )  for  total  and  permanent  disability  to  men  under  age  65  were  tabulated 
by  occupation,  age  group,  and  disease.   For  miners  and  mining  machine  opera- 
tors, one-third  of  the  disabilities  were  due  to  pneumoconiosis  of  occupational 
origin,  and  one-ninth  were  due  to  emphysema.   High  proportions  of  these 
diseases  were  also  found  in  other  occupations  which  included  significant 
numbers  of  underground  workers. 

A  statistical  study  of  the  Vermont  granite  industry  (16^)  shows  that  sus- 
tained and  improved  dust  control  has  been  accompanied  by  a  remarkable  reduc- 
tion in  the  incidence  of  silicosis.   The  Vermont  granite  manufacturing 
industry  employs  about  1,700  men.   More  than  90  percent  of  these  workers  are 
X-rayed  annually  by  the  Vermont  Department  of  Health.   There  has  been  no 
occurrence  of  silicosis  in  any  person  whose  exposure  has  been  limited  to  the 
26  years  since  1937  when  industry-wide  dust  control  procedures  were  started. 
If  the  prevalence  rates  of  the  precontrol  period  were  applied  to  the  present 
labor  force,  at  least  146  cases  of  silicosis  might  be  expected.   The  data  in 
this  report  substantiates  the  use  of  the  new  formula  of  the  American  Confer- 
ence of  Governmental  Industrial  Hygienists  (ACGIH)  (5)  for  determining  the 
threshold  limit  value  for  Vermont  granite  dust. 

Additional  pneumoconiosis  statistics  are  included  in  the  following  sec- 
tion, Medical  and  Environmental  Studies. 

MEDICAL  AND  ENVIRONMENTAL  STUDIES 

Federal  Government 

Metal  Mining 

In  1961  the  Bureau  of  Mines  and  Public  Health  Service  completed  a  compre- 
hensive joint  medical-environmental  survey  in  the  metal  mining  industry  (167 ). 
It  was  conducted  to  evaluate  the  magnitude  of  the  industry's  silicosis  problem. 
The  environmental  study  was  conducted  in  67  mines,  including  eight  uranium 
mines,  employing  approximately  20,500  persons- - 14,000  of  whom  worked  under- 
ground and  6,500  in  surface  operations.   At  the  time  of  the  study,  this  group 
represented  more  than  50  percent  of  the  working  population  of  underground 
metal  mines  in  the  United  States.   The  medical  study  included  employees  from 
50  of  the  67  mines  in  the  environmental  study  and  additional  uranium  mines. 
The  mines  included  in  the  joint  study  represented  virtually  all  metals  mined 
in  commercially  significant  quantities  in  the  United  States  and  every  princi- 
pal mining  method. 

Medical  examinations,  including  medical  histories,  occupational  histories, 
and  chest  roentgenograms,  were  completed  on  a  total  of  14,076  currently 
employed  metal  mine  workers.   Of  the  14,076  chest  roentgenograms  taken,  476  or 


3.4  percent  were  classified  as  consistent  with  a  diagnosis  of  silicosis.   Of 
these,  305  were  classified  as  simple  silicosis,  and  171  were  classified  as 
complicated  silicosis.   Although  the  overall  prevalence  rate  for  the  study  was 
3.4  percent,  it  varied  greatly,  ranging  from  12.9  percent  in  one  mine  to  zero 
in  seven  mines. 

Silicosis,  for  the  most  part,  was  confined  to  older  miners  with  more  than 
15  years  metal  mining  experience.   Silicosis  was  not  observed  in  the  chest 
X-ray  film  of  any  miner  under  35  years  of  age,  and  only  seven  cases,  0.4  per- 
cent, were  found  in  the  35- to  39-year  age  group.   Beginning  with  the  40- to 
44-year  age  group,  with  a  prevalence  rate  of  2.4  percent,  there  was  a  moderate 
increase  in  the  rate  with  each  succeeding  age  group  which  tended  to  level  off 
at  about  12  percent  for  men  from  55  to  64  years  of  age.   Of  the  63  men  exam- 
ined who  were  65  years  of  age  or  older,  about  one-third  were  silicotic. 

The  incidence  of  silicosis  was  related  to  years  of  work  at  the  mines  as 
follows:   No  cases  occurred  with  less  than  5  years  of  exposure.   Seven  cases, 
or  0.2  percent,  occurred  in  workers  with  5  to  9  years  of  exposure,  and  58 
cases  occurred  with  15  to  19  years  of  exposure.   After  20  years  of  exposure, 
the  prevalence  rates  rose  rapidly:   For  20  years  exposure,  7.6  percent;  for  25 
years  exposure,  12.1  percent;  and  for  the  four  exposure  groups  working  30,  35, 
40,  and  45  years  or  more  the  prevalence  rate  averaged  about  17  percent. 

So  far  as  possible,  each  employee  was  classified  according  to  his  prin- 
cipal occupation.   However,  all  men  who  had  spent  10  years  or  more  at  the 
working  face  of  a  mine  were  classified  as  faceworkers.   Over  one-half  of  all 
silicosis  cases  occurred  among  men  classified  as  faceworkers.   With  10  to  19 
years  of  mining  employment  faceworkers  showed  a  silicosis  prevalence  of  3  per- 
cent which  rose  to  19  percent  among  men  working  20  years  or  longer.   Smaller 
but  significant  silicosis  ratios  were  also  found  among  employees  with  more 
than  20  years  employment  in  other  underground  operations,  surface  maintenance 
and  construction  work,  and  surface  mill  operations.   Surface  transportation 
and  miscellaneous  surface  operations  showed  very  few  cases  of  silicosis, 
except  among  older  men  who  previously  spent  many  years  underground. 

There  was  little  relationship  between  the  size  of  a  mine  and  the  preva- 
lence of  silicosis.   The  prevalence  of  silicosis  was  slightly  greater  among 
employees  with  experience  in  two  or  more  mines.   There  was  no  great  difference 
in  the  pattern  of  silicosis  prevalence  which  could  be  attributed  to  a  differ- 
ence in  the  metal  that  was  produced. 

A  1939  study  (167,  p.  31)  of  nonferrous  metal  mine  workers  in  Utah  pre- 
sented data  which  could  be  contrasted  with  data  from  a  group  of  12  western 
lead-zinc  mines  investigated  during  the  1958-61  study.   The  overall  prevalence 
of  silicosis  was  found  to  be  40  percent  lower  than  in  the  earlier  study.   Even 
more  striking  were  the  reductions  in  the  silicosis  rate  of  80  percent  among 
persons  employed  in  the  mines  less  than  10  years  and  of  73  percent  among  those 
employed  10  to  19  years. 

A  special  study  was  made  of  the  records  of  a  group  of  metal  mine  workers 
from  an  iron  ore  mine  which  has  had  a  silicosis  control  program  underway 


continuously  since  1933.   Among  the  1,293  men  included  in  the  records,  410  had 
worked  in  the  mine  before  1933  and,  thus,  had  been  exposed  before  the  improve- 
ment in  the  mine  environment.   Silicosis  was  found  in  83  of  the  men  at  the 
time  of  the  first  X-ray  examinations  in  1933,  and  16  of  them  whose  X-rays  were 
negative  in  1933  later  developed  silicosis.   There  has  not  been  a  single  case 
of  silicosis  among  the  883  men  who  were  employed  after  the  control  program 
began  in  1933.   Many  of  these  men  have  been  exposed  to  the  mine  environment 
for  more  than  20  years. 

In  the  environmental  phase  of  the  joint-silicosis  study  particular 
emphasis  was  placed  on  evaluation  of  airborne  dust  in  mine  working  areas. 
Observations  were  also  made  of  pertinent  factors  such  as  dust  control  methods, 
ventilation,  working  methods,  and  air  quality. 

A  total  of  14,837  midget  impinger  samples  of  airborne  dust  and  234  sam- 
ples of  settled  dust  were  obtained  underground  for  evaluating  dust  exposures. 
From  these  samples,  789  full-shift,  weighted  average  exposures  were  determined 
for  specific  underground  operations.   Of  the  weighted  averages  13.2  percent 
were  above  the  1967  ACGIH  threshold  limit  values  (5).   Particle-size  charac- 
teristics of  the  airborne  dust  were  determined  from  481  membrane  filter  sam- 
ples by  optical  microscopy.   All  determinations  indicated  significant  numbers 
of  particles  in  the  range  of  sizes  capable  of  retention  in  the  alveolar  spaces 
of  the  lungs. 

Dust  concentrations  obtained  at  a  group  of  lead-zinc  mines  in  the  Western 
States  were  compared  with  dust  concentrations  obtained  in  the  1939  study  of 
Utah  lead-zinc  mines.   A  very  substantial  improvement  in  dust  control  during 
the  intervening  years  was  indicated.   Dust  concentrations  for  comparable  occu- 
pations underground  have  been  reduced  at  least  80  percent  and,  in  some 
instances,  as  much  as  90  percent. 

The  joint  study  ( 167 )  was  designed  to  determine  the  prevalence  of  silico- 
sis among  the  work  force  of  the  industry,  to  define  present-day  environmental 
conditions,  and  to  seek  answers  to  the  following  questions: 

1.  Are  the  cases  presently  occurring  the  result  of  precontrol  exposure, 
in  view  of  the  long  latent  period  for  the  development  of  silicosis? 

2.  Are  they  the  result  of  failure  to  apply  dust  controls  universally? 

3.  Are  cases  occurring  because  the  standards  for  acceptable  levels  of 
dustiness  in  use  since  1935  are  inadequate? 

With  respect  to  these  questions  and  to  other  facets  of  the  problem,  the 
following  conclusions  were  drawn: 

1.   Considerable  progress  has  been  made  in  the  metal  mining  industry  in 
the  prevention  of  silicosis.   The  present  overall  prevalence  rate  of  3.4 
percent  is  substantially  lower  than  the  rates  encountered  in  previous  surveys. 
The  range  varied  among  individual  mines,  however,  from  0  to  12.9  percent  and 
shows  the  prevalence  of  silicosis  is  not  uniformly  distributed  throughout  the 
industry. 


2.  The  industry  has  instituted  or  improved  many  dust  monitoring  and  dust 
control  systems  during  the  past  25  years;  this  has  resulted  in  marked  reduc- 
tions in  dust  exposures.   Since  the  development  of  silicosis  requires  a  con- 
siderable period  of  exposure,  the  full  benefits  of  these  improved  environmen- 
tal working  conditions  cannot  be  fully  evaluated  at  this  time. 

3.  There  was  a  substantially  higher  prevalence  of  silicosis  among  men 
who  worked  in  mining  at  some  time  before  1935  than  among  men  who  have  worked 
the  same  number  of  years  since  1935.   Two  hundred  and  ninety-eight  cases  of 
silicosis  were  found  in  workers  who  began  work  in  mining  prior  to  1935.   One 
hundred  and  twenty-eight  cases  of  silicosis  were  found  among  men  exposed  only 
since  1935. 

4.  The  occurrence  of  silicosis  due  to  exposure  after  1935  and  the 
excessive  dust  exposures  found  in  some  of  the  mines  studied,  provides  evidence 
that  effective  dust  control  has  not  been  universally  practiced. 

5.  Data  obtained  in  the  study  do  not  permit  judgment  of  the  adequacy  of 
present  standards.   In  most  of  the  mines  studied,  the  environmental  data 
needed  to  define  working  conditions  from  1935  to  the  time  of  this  study  were 
lacking. 

6.  Combined  medical  and  environmental  surveillance  and  control  can 
prevent  the  development  of  clinically  significant  silicosis  among  miners. 

7.  With  regard  to  specific  environmental  situations  the  following  can 
be  concluded: 

a.  In  many  instances,  ventilating  currents  in  the  working  areas 
were  not  being  used  to  best  advantage.   Recirculation  of  air  particularly 
posed  a  problem,  and  airborne  dust  was  often  carried  from  one  working 
place  to  another. 

b.  Drilling,  slushing,  and  mucking  were  the  most  prolific  dust- 
producing  operations  to  which  men  at  the  face  were  exposed.   Workmen 
engaged  in  haulage  and  crusher  operations  were  also  exposed,  in  several 

to  excessive  concentrations  of  dust. 

c.  Water  applied  to  the  muck  piles  assisted  materially  in  reducing 
dust  concentrations  during  subsequent  operations. 

d.  Dust  concentrations  in  shops  and  mills,  except  during  cleanup 
operations,  presented  no  particular  problems. 

e.  The  need  for  better  maintenance  and  cleanup  practices  around 
crusher  installations  was  indicated. 

f.  Concentrate  loading  and  cement  mixing  were  sources  of  excessive 
concentrations  of  dust;  however,  very  few  workmen  were  engaged  in  such 
operations. 


8.   This  study  has  provided  extensive,  basic  data  on  the  current  preva- 
lence and  characteristics  of  silicosis  among  employed  metal  miners  and  on  the 
magnitude  and  nature  of  current  dust  exposures  in  the  metal  mining  industry. 
It  represents  an  important  baseline  for  continued  studies.   In  view  of  -the 
long  latent  period  before  the  development  of  silicosis,  further  comprehensive 
medical  and  environmental  studies  over  a  period  of  years  will  be  necessary  to 
develop  additional  essential  information  on  the  problem.   This  will  include 
determining  if  new  cases  of  silicosis  are  occurring  or  known  cases  are  pro- 
gressing, their  relationship  to  occupational  dust  exposures,  the  need  for 
improved  or  additional  dust  control  measures,  and  the  adequacy  of  present 
standards  for  evaluating  siliceous  dust  exposures. 

A  summary  of  environmental  and  medical  findings  relating  to  health  haz- 
ards in  uranium  mining  and  milling  was  reported  by  the  U.S.  Public  Health 
Service  (1_3).   Environmental  surveys  showed  many  mines  with  concentrations  of 
radon- daughter  products  above  a  recommended  working  level  of  1.3  x  105  mev  of 
potential  alpha  energy  per  liter  of  air.   Preliminary  calculations  applied  to 
miners  with  3  years  or  more  of  uranium  mining  experience  showed  that  five  lung 
cancer  deaths  have  occurred  where  1.1  were  expected.   The  radiation  exposure 
of  uranium  miners  was  the  subject  of  public  hearings  ( 188 )  initiated  by  the 
Joint  Committee  on  Atomic  Energy.   The  record  of  those  hearings  constitutes 
the  most  comprehensive  collection  of  information  ever  amassed  concerning  the 
exposure  of  human  beings  to  radiation  incident  to  the  mining  of  uranium.   The 
information  was  commended  to  study  by  Congress  and  other  responsible  officials 
for  guidance  in  establishing  standards  and  operating  procedures  relative  to 
radiation  protection. 

Coal  Mining 

The  Public  Health  Service  conducted  a  medical  survey  of  almost  4,000 
bituminous  coal  miners  and  former  coal  miners  of  the  Appalachian  Area  (31,  68). 
The  study  revealed  the  presence  of  a  job-related  chest  disease,  coal  workers' 
pneumoconiosis.   About  10  percent  of  the  currently  employed  miners  in  the  area 
showed  X-ray  evidence  of  pneumoconiosis;  roughly  20  percent  of  the  formerly 
employed  miners  in  the  area  gave  similar  indications.   Evidence  that  years  of 
exposure  to  coal  dust  is  a  factor  in  the  disease  can  be  seen  in  the  following 
table: 


Years 

Percent  with  pneumoconiosis 

underground 

Currently 
employed 

Formerly 
employed 

0-  9 

10-19 

20-29 

30-39 

40  and  over 

Average 

2.0 
4.0 
8.6 
20.6 
24.2 
9.6 

1.9 

6.2 
21.3 
21.4 
23.0 
18.6 

To  check  the  possibility  that  general  living  and  environmental  conditions 
or  other  nonoccupational  factors  might  be  responsible  for  chest  diseases,  the 
study  included  medical  examinations  of  miners  and  nonmine  workers  living  in  the 


same  community.   X-ray  evidence  of  pneumoconiosis  was  found  in  15  percent  of 
the  coal  miners  and  in  less  than  1  percent  of  the  nonmining  group. 

Another  significant  part  of  the  survey  of  coal  workers1  pneumoconiosis 
was  a  statistical  study  of  death  rates  for  U.S.  coal  miners  (7_5).   Based  on 
records  for  the  year  1950,  the  death  rate  for  coal  miners  was  about  twice  that 
of  the  general  working  male  population,  and  death  rates  for  diseases  of  the 
respiratory  system  were  about  five  times  that  for  the  general  working  male 
population. 

Extensive  data  on  dust  concentrations  in  the  mines  will  be  necessary  to 
provide  the  positive  link  between  dust  and  disease,  and  the  key  to  prevention 
(31_).   A  joint  committee  of  the  Division  of  Occupational  Health  of  the  Public 
Health  Service  and  the  Bureau  of  Mines  is  at  work  planning  an  environmental 
survey  in  bituminous  coal  mines.   Members  of  the  industry,  including  represent- 
atives of  mine  operators,  mining  associations,  and  the  United  Mine  Workers  of 
America  are  serving  this  committee  in  an  advisory  capacity  ( 101 ,  193 ).   The 
Bureau  is  conducting  laboratory  and  field  investigations  to  determine  the 
effectiveness  of  the  instruments  and  techniques  to  be  used  for  sampling  and 
evaluating  airborne  dusts  during  the  survey  (40,  6_8,  198 ). 

State  Government 

Because  the  extent  of  the  pneumoconiosis  problem  in  the  Pennsylvania 
bituminous  coal  industry  was  not  known,  the  Division  of  Occupational  Health, 
Pennsylvania  Department  of  Health,  embarked  on  medical  and  environmental 
studies  in  1959  ( 115-116 ,  124)  to  define  the  problem.   The  medical  study  con- 
sisted of  obtaining  occupational  and  medical  histories,  vital  capacity  deter- 
minations, and  chest  roentgenograms.   These  data  were  obtained  by  the  examina- 
tion, on  a  voluntary  basis,  of  approximately  16,000  working  and  retired 
bituminous  coal  miners.   From  the  study  it  was  learned  that  approximately  14 
percent  of  western  Pennsylvania  and  34  percent  of  central  Pennsylvania  miners 
had  roentgenographic  evidence  of  pneumoconiosis.   As  expected,  the  prevalence 
of  pneumoconiosis  increased  with  age  and  length  of  exposure.   No  correlation 
was  found  between  subjective  symptomatology  and  roentgenographic  diagnosis. 
On  the  basis  of  the  work  done,  it  was  concluded  that  Pennsylvania  has  a  pneu- 
moconiosis problem  of  greater  magnitude  in  its  bituminous  mining  population 
than  was  previously  believed. 

The  medical  study  was  extended  to  include  the  anthracite  industry  (125 ), 
and  data  were  obtained  by  examination  of  1,430  working  and  428  retired  anthra- 
cite miners.   It  was  shown  that  incidence  of  pneumoconiosis  increased  with  age 
and  years  of  exposure  for  both  working  and  retired  anthracite  miners.   Approxi- 
mately 30  percent  of  the  working  miners  and  75  percent  of  the  retired  miners 
had  or  were  suspected  of  having  pneumoconiosis  in  some  stage  of  development. 
Of  the  working  men  with  less  than  20  years  of  work  in  the  mines,  90  percent 
had  no  roentgenographic  evidence  of  pneumoconiosis  compared  with  50  percent  in 
those  with  more  than  40  years  in  the  mines.   Only  20  percent  of  the  retired 
miners  with  40  or  more  years  in  the  mines  were  found  to  be  without  evidence  of 
pneumoconios  is . 


The  environmental  study  was  begun  by  the  Division  of  Occupational  Health, 
which  completed  a  two-year  study  of  dust  conditions  in  Pennsylvania  mines 
(l_8-20_).   Dust  surveys  were  conducted  in  24  anthracite  and  14  bituminous  coal 
mines.   More  than  1,400  samples  of  dust  were  collected  for  determination- of 
number  concentration,  free  silica  content,  and  particle-size  distribution. 
In  general,  more  airborne  dust  with  greater  free  silica  content  and  smaller 
particle  size  was  found  in  anthracite  mines  than  was  found  in  bituminous  coal 
mines. 

Since  1960  the  Pennsylvania  Department  of  Mines  and  Mineral  Industries 
has  assumed  responsibility  for  the  environmental  phase  of  a  continuing  pneu- 
moconiosis activity  (6_1,  92).  The  Division  of  Occupational  Health  has 
retained  responsibility  for  the  medical  phase  and  the  compilation  of  statis- 
tics (202 ).  Periodic  surveys  are  conducted  by  dust  investigators  who  report 
results  to  both  departments.  Mine  inspectors  are  informed  of  hazardous  dust 
conditions,  and  they  contact  mine  management  for  correction  (28,  66,  100). 

The  results  of  the  pneumoconiosis  studies  conducted  by  the  Pennsylvania 
Departments  of  Health  and  Mines  and  Mineral  Industries,  and  the  rising  cost  of 
compensation  ( 108, 113-114)  for  pneumoconiosis  among  coal  miners  caused  Pennsyl- 
vania's Governor,  William  W.  Scranton,  to  call  a  conference  on  pneumoconiosis 
( 159 ).   The  purpose  of  the  conference  was  to  review  the  pneumoconiosis  problem 
of  Pennsylvania  coal  miners  and  to  consider  and  propose  recommendations  for 
prevention,  diagnosis,  and  compensation  of  the  disease.   One  session  of  the 
conference  was  devoted  to  the  subject  of  dust  control.   Presentations  included 
discussion  of  the  Commonwealth's  regulatory  and  research  activities,  evalua- 
tion of  dust  exposures,  dust  control  practices  in  use  in  bituminous  and  anthra- 
cite mines,  and  research  projects  being  conducted  by  other  government  agencies 
and  by  equipment  manufacturers. 

DUST  PREVENTION  AND  SUPPRESSION  PRACTICES 

Control  Programs 

A  dust  control  program  resulting  in  a  desirable  environment  for  copper- 
mine  workers  was  described  ( 109 ).   The  program  stresses  the  importance  of 
positive  ventilation  in  working  areas  for  dilution  of  airborne  dust  to  accept- 
able concentrations,  the  use  of  water  for  suppressing  dust  generation,  and  the 
use  of  company- designed  dust  collection  equipment  to  clean  contaminated  air 
for  reuse.   Compressed-air-and-water  blasts  are  used  in  all  sill  headings  to 
minimize  dust  dispersion  during  and  after  blasting  and  to  wet  the  muck  piles 
uniformly. 

The  summary  report  ( 165 )  of  a  meeting  of  the  Governors  of  uranium  produc- 
ing States  and  their  representatives  concludes  that  mounting  evidence  points 
to  the  existence  of  severe  health  hazards  in  uranium  mines.   The  assistance 
available  from  Federal  agencies  and  the  objectives  of  State  authorities  seek- 
ing solutions  of  these  serious  health  problems  are  outlined.   A  company  pro- 
gram for  control  of  radiation  exposure  in  its  underground  uranium  mines  in 
Colorado  is  described  (23-24).   The  program  includes  the  determination  of 
exposures  by  a  field  method  developed  by  the  U.S.  Public  Health  Service  and 


the  annual  physical  examination  of  workmen,  supplemented  by  medical  studies  in 
cooperation  with  the  Public  Health  Service.   Proper  ventilation  is  emphasized 
as  mandatory  for  adequate  control  of  dust  and  radiation  exposures. 

Recommendations  generally  applicable  to  the  nation's  underground  metal 
mining  industry  and  related  to  dust  prevention  and  suppression  programs  were 
outlined  as  follows  in  the  report  of  the  environmental  and  medical  study  con- 
ducted by  the  Bureau  of  Mines  and  U.S.  Public  Health  Service  (167 ) : 

"1.   Each  mining  company  should  maintain  a  dust  monitoring  program  con- 
ducted or  supervised  by  a  person  competent  in  the  techniques  of  dust  sampling 
and  interpretation  of  results. 

a.  For  determining  levels  of  exposure,  dust  samples  should  be 
taken  in  the  breathing  zones  of  workmen. 

b.  The  program  should  be  conducted  in  such  a  manner  that  it  will 
detect  changes  in  environmental  conditions  and  promptly  locate  condi- 
tions in  need  of  correction. 

c.  Accurate  and  complete  records  of  dust  conditions  should  be 
kept.   These  should  be  tabulated,  analyzed,  and  reported  to  a  responsible 
level  of  management  at  regular  intervals. 

"2.   Proper  methods  of  dust  control  should  be  initiated  promptly  when  the 
need  is  discovered. 

a.  Adequate  ventilation  by  mechanical  means  should  be  provided  at 
all  working  places. 

b.  Recirculation  of  air  should  be  held  to  a  minimum  consistent 
with  good  mining  practice. 

c.  All  ore  and  broken  rock  should  be  thoroughly  wetted  to  reduce 
dust  during  subsequent  handling  operations. 

d.  All  dust  control  devices  and  materials  handling  equipment,  both 
underground  and  surface,  should  be  frequently  inspected  and  maintained 

in  proper  working  conditions  to  limit  to  the  lowest  practicable  level  the 
generation  or  dispersion  of  dust. 

e.  Men  should  not  be  permitted  to  reenter  a  workplace  after  blast- 
ing until  sufficient  time  has  elapsed  for  dust  and  gases  to  be  reduced 
to  a  safe  level. 

"3.   Workers  should  be  informed  of  the  dust  hazards  associated  with  their 
job,  the  methods  employed  for  the  control  of  dust  exposure,  and  instructed  in 
good  work  procedures  to  minimize  dust  dispersion  and  in  the  proper  use  of 
equipment.   All  employees  should  give  their  full  cooperation  in  helping  to 
maintain  an  effective  dust  control  program. 
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"4.   Mining  companies  should  request,  whenever  necessary,  the  assistance 
of  the  Bureau  of  Mines  or  other  qualified  agencies  in  instituting  and  evaluat- 
ing dust  monitoring  and  dust  control  programs." 

Water  and  Wetting  Agents 

As  noted  in  most  of  the  articles  on  dust  control  referenced  in  this 
report,  water  is  a  most  important  and  convenient  agent  for  suppressing  dust 
(155,  172 ).   Although  not  used  to  any  great  extent  in  underground  mining, 
wetting  agents  can  increase  the  effectiveness  of  water. 

There  were  few  reports  of  wetting  agents  being  used  in  coal  mines  and 
these  reports  dealt  with  the  control  of  dust  generated  by  continuous  mining 
machines,  which  continues  to  be  a  problem.   A  noticeable  reduction  in  visible 
airborne  dust  in  face  areas  resulted  from  adding  a  wetting  agent  to  the  spray 
water  supplied  to  machines  mining  the  low  volatile  coal  of  the  Pocahontas 
seam  (80).   The  same  company  found  wetting  agents  ineffective  when  mining  the 
high  volatile  coal  of  the  Pittsburgh  seam.   The  ineffectiveness  of  a  wetting 
agent  applied  for  control  of  Pittsburgh  seam  coal  dust  was  verified  by  a 
second  company  ( 111 ).   It  was  noted  in  a  Bureau  of  Mines  study  (1_1)  that  the 
use  of  wetting  agents  reduced  the  dust  loading  of  return  air  by  about  30  per- 
cent compared  with  the  use  of  water  alone. 

Surface-active  agents  are  used  to  a  greater  extent  in  surface  operations 
such  as  tipples,  coal  preparation  plants,  and  loading  facilities.   A  power- 
plant  coal-dust  problem  (163)  at  a  truck-hopper  house  designed  for  the  unload- 
ing of  trucks  and  railroad  cars  simultaneously  was  solved  by  installing  sprays 
around  the  top  of  the  hoppers,  over  the  railroad  cars,  and  at  the  hopper- to- 
main  conveyor  discharge  point  and  by  adding  a  surface-active  agent  to  the 
spray  water.   Because  the  wetting  agent  caused  the  water  to  wet  the  coal  more 
completely,  dust  was  eliminated  at  three  other  transfer  points  in  the  convey- 
ing system.   The  use  of  less  than  0.5  percent  moisture,  by  weight,  suppressed 
gypsum-rock  dust  at  quarries  and  plants  when  a  surface-active  agent  was  added 
to  the  water  ( 170).   Control  of  dust  by  use  of  water  with  a  surface-active 
agent  was  described  for  a  railroad  car-to-lake  freighter  loading  operation, 
a  self-unloading  lake  freighter  dust  control  system,  and  a  dock  crane  unload- 
ing operation.   The  cost  of  chemical  treatment  was  estimated  to  be  between 
0.35  and  1  cent  per  ton  of  sprayed  material. 

Though  not  practical  for  underground  use,  steam  has  been  used  for  a 
number  of  years  to  alleviate  dust  at  transfer  points  of  conveyors  in  tipples 
and  preparation  plants  of  one  coal  mining  company  (80).   The  effectiveness  of 
dust  suppression  by  steam  is  attributed  to  the  reduced  surface  tension  of  hot 
water. 

Emulsified  asphalt  has  proven  to  be  a  more  effective  agent  than  lignin 
sulphate  for  reducing  dust  on  haul  roads  at  several  open  pit  operations  in  the 
southwestern  part  of  the  United  States  (90). 
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Roof  Control 

Roof  bolting  has  been  so  widely  accepted  that  the  bituminous  coal  indus- 
try now  considers  it  to  be  the  standard  method  of  roof  support  (74).   The 
Bureau  of  Mines  estimated  that  approximately  60  percent  of  the  total  under- 
ground production  of  coal  for  the  year  1966  was  mined  under  bolted  roof  and 
reported  the  installation  of  approximately  50  million  bolts  (39_).   The  devel- 
opment of  successful  drilling  and  dust-collecting  equipment  for  bolt  hole 
drilling  of  coal  mine  roof  is  discussed  in  the  next  section  under  drilling. 
A  special  editorial  feature  (9_7-9_9)  for  coal  operators  summed  up  the  theory 
and  practice  of  coal  mine  roof  support  and  discussed  the  need  for  ventilation 
and  dust  control. 

Industry  has  also  found  rock  bolts  advantageous  for  supporting  ground  in 
metal  mines  ( 197 )  and  tunnels  ( 168 ) ;  however,  the  extent  of  such  use  is  not 
known.   In  metal  mines  and  tunnels  adoption  of  bolting  poses  no  new  dust 
problem  as  conventional  drilling  equipment  is  used  for  installation. 

Drilling  and  Blasting 

Most  of  the  problems  associated  with  the  development  of  drilling  and  dust 
control  equipment  for  roof  drilling  in  coal  mines  have  been  resolved  (74^  101 )■ 
Highly  satisfactory  rotary  and  rotary  percussion  roof  bolting  machines  have 
been  developed  for  drilling  coal  mine  roof.   Some  hard  roofs  require  the  use 
of  pneumatic  percussion  drills.   The  rotary  or  pneumatic  percussion  drills 
most  commonly  used  have  integral  dust-collecting  systems  which  feature  collec- 
tion of  the  drill  cuttings  through  the  drill  steel.   During  the  period  covered 
by  this  report  much  effort  was  expended  in  improving  the  design  of  drill  steel 
and  bits  for  through-steel  dust  collection  (8_1).   By  the  end  of  1967,  160  cer- 
tificates had  been  issued  by  the  Bureau  of  Mines  approving  equipment  for  use 
in  connection  with  rock  drilling  in  coal  mines  (8,    110 ). 

In  general,  coal  drills  are  not  equipped  with  arrangements  for  dust  con- 
trol.  Suppression  of  the  drill  dust  has  been  accomplished  by  use  of  a  swivel 
and  hollow  augers  for  introduction  of  water  into  the  drill  hole  ( 154).   It  is 
believed  that  eventually  coal  drills  will  be  built  with  integral  dust- 
collecting  systems  similar  to  those  used  on  roof-bolting  drills. 

The  development  of  heavier  drilling  equipment  mounted  on  mechanically  con- 
trolled jumbos  has  advanced  the  practice  of  longhole  drilling  for  drifting, 
stoping,  and  raising  in  metal  mines  (84).   Longhole  drilling  eases  the  dust 
control  problem,  because  less  hole  collaring  is  required,  dust  generation 
decreases  with  the  depth  of  the  hole,  and  ventilation  requirements  are  less 
critical.   Drilling  of  the  blastholes  from  surface  during  construction  of  a 
coal  mine  ventilation  shaft  230  feet  deep,  was  described  in  a  recent  report 
( 180 ).   After  drilling  was  completed,  blasting  progressed  from  bottom  to  top 
in  12-foot  stages. 

A  method  of  suppressing  dust  from  dry  percussion  drilling  in  quarries, 
construction  sites,  and  open  pit  mines  was  developed  and  has  gained  wide 
acceptance  (64,  123,  135 ).   Water  with  an  added  wetting  agent  is  introduced 
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into  the  air  used  for  flushing  the  drill  cuttings  from  the  hole.   Dilution 
ratios  range  from  800  to  3,000  parts  of  water  to  one  part  of  surfactant.   The 
amount  of  water  required  is  considerably  less  than  for  wet  drilling  and  is 
dependent  upon  the  size  of  the  hole  being  drilled,  the  drilling  rate,  and  the 
type  of  material  being  drilled.   The  proper  amount  of  solution,  about  7  gal- 
lons per  hour  for  a  3-1/2-inch-diameter  hole,  causes  the  drill  cuttings  to  be 
blown  from  the  hole  as  damp  dust-free  pellets.   It  was  reported  that  the 
method  has  been  used  successfully  underground  and  that  its  use  may  grow, 
especially  where  water  is  in  short  supply. 

In  conventional  mining  of  coal,  water-filled  plastic  bags  came  into  use 
for  stemming  blastholes.    Their  use  in  conjunction  with  an  air-and-water 
blast  results  in  a  considerable  reduction  of  the  dust  from  blasting  ( 193). 

Extraction  of  Material 

Continuous  Mining  of  Coal 

The  use  of  continuous-mining  machines  continued  to  increase.   In  1965, 
142  million  tons  of  bituminous  coal,  representing  43  percent  of  underground 
production,  was  produced  in  447  mines  using  continuous -mining  machines,  and 
in  275  of  these  mines  continuous-mining  machines  were  used  exclusively  (201 ). 
Much  effort  was  directed  toward  the  solution  of  the  dust  problems  created  by 
these  machines  due  to  their  high  production  rates.   Only  partial  success  was 
realized.   Dust  suppression  investigations  were  directed  toward  the  reduction 
of  dust  at  the  face  by  the  use  of  foam;  the  direction  of  water  to  the  cutting 
edge  of  the  bit;  the  study  of  water  spray  nozzle  design,  operating  pressure, 
and  placement;  and  the  cutting-bit  design.   To  prevent  excessive  dust  expo- 
sures of  mining  crews,  ventilation  was  arranged  so  as  to  direct  fresh  air  over 
the  machine  and  dust- laden  air  into  the  return  airways.   To  minimize  the 
explosion  hazard  of  settled  dust  in  the  return  airways,  "trickle  dusting"  was 
developed. 

The  Bureau  of  Mines,  working  cooperatively  with  mining  companies,  inves- 
tigated the  possibility  of  confining  the  dust  generated  by  ripper  and  boring- 
type  machines  under  a  blanket  of  foam  to  prevent  its  becoming  airborne  ( 111 ). 
Results  were  promising,  but  foam  generation  at  higher  expansion  rates  must  be 
realized  before  the  value  of  the  method  can  be  appraised.   Directing  spray 
water  to  the  cutting  edge  of  the  bits  on  the  arms  of  a  boring-type  miner 
reduced  dust  generation  significantly.   The  respirable  dust  at  the  machine 
operator's  breathing  zone  was  reduced  78  percent  from  that  observed  in  base- 
line measurements  (80).   Success  of  the  effort  led  to  directing  water  to  the 
bits  on  the  cutting  wheels  of  ripper- type  machines.   It  was  determined  that 
water  spray  nozzles  suppress  dust  most  effectively  when  operated  at  pressures 
ranging  from  200  to  300  psi  (80_,  111 ).   It  is  common  practice  to  equip 
machines  with  full  cone  spray  nozzles  for  delivery  of  5  to  15  gallons  of 
water  per  minute.   The  dust  from  a  boring  machine  was  alleviated  when  supplied 
with  25  gallons  of  spray  water  per  minute  ( 1 42 ) .   A  self-sharpening,  plumb-bob- 
shaped,  tungsten-carbide-tipped  cutting  bit  was  developed  ( 126  ).   An  advantage 
claimed  for  the  bit  was  less  dust  at  the  face  due  to  the  production  of  coarse 
cuttings  (74;).   Ventilation  procedures  and  rock-dusting  techniques  used  for 
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minimizing  dust  problems  created  by  these  machines  are  discussed  under  the 
headings  deposited  dust  and  ventilation. 

Longwall  Mining  of  Coal 

The  growth  of  longwall  mining  in  the  United  States  was  outlined,  and  a 
bright  future  was  predicted  in  a  recent  publication  (47).   The  first  longwall 
face  in  a  coal  mine  was  established  on  an  experimental  basis  in  a  southern 
West  Virginia  mine  in  1951  (85_).   After  2  years  experimentation,  the  longwall 
system  was  adopted  on  a  production  basis,  and  production  has  continued  to  the 
present  time.   Other  companies  have  found  it  to  their  advantage  to  adopt  the 
system,  and  in  1965  about  1.6  million  tons  of  coal  were  produced  from  13  long- 
wall  faces  being  operated  in  coal  mines  in  four  States  ( 179,  201 ).   Ease  of 
ventilating  the  longwall  face  for  rapid  removal  of  dust  and  methane  gas  is  an 
advantage  claimed  for  this  method.   The  development  of  a  water-infusion  tech- 
nique was  required  in  order  to  solve  the  dust  problem  at  a  longwall  face  in  a 
southern  West  Virginia  mine  ( 141 ).   Drenching  the  face  area  with  water  by 
spraying  did  not  suppress  the  dust  raised  by  the  coal  planer  or  by  the  billow- 
ing action  of  falling  roof  rock.   However,  the  infusion  system  has  resulted  in 
significant  suppression  of  the  dust  and  has  made  the  coal  more  planable. 
Infusion  holes  6  inches  in  diameter,  200  feet  deep,  and  spaced  at  200-foot 
intervals  are  drilled  in  the  head  entry  of  the  longwall  panel  in  advance  of 
and  parallel  to  the  face.   Water  with  a  wetting  agent  added  is  pumped  into  the 
holes  at  a  pressure  of  600  pounds  per  square  inch  and  at  a  rate  of  15  gallons 
per  minute.   About  10  gallons  of  infusion  water  are  used  per  ton  of  coal  pro- 
duced.  The  holes  are  drilled  above  a  shale  binder  which  lies  12  to  18  inches 
below  the  top  of  the  coal  seam.   Water  travels  through  the  coal  above  the 
binder  to  the  face  region  where  the  binder,  broken  by  ground  pressure,  allows 
the  water  to  enter  the  bottom  coal. 

Hydraulic  Mining  of  Coal 

A  Bureau  of  Mines  hydraulic  coal  mining  research  program  was  outlined 
(33,  195-196 ) ,  and  research  results  were  summed  up  in  a  progress  report  ( 153 ). 
Five  field  trials  of  coal  extraction  by  hydraulic  mining  were  described:   One 
in  the  f latlying  Pittsburgh  coalbed  near  West  Lebanon,  Pa. ,  where  the  coal  was 
mined  and  loaded  simultaneously  by  mounting  the  hydraulic  monitor  on  a  conven- 
tional loading  machine;  one  in  a  13-foot- thick  pitching  anthracite  coalbed 
where  chambers  and  crosscuts  were  mined  with  a  specially  designed  hydraulic 
mining  machine  (32);  two   in  the  42°  pitching  No.  5  coalbed  at  Roslyn,  Wash., 
where  a  self-advancing  hydraulic  roof  support  system  was  used  for  a  monitor 
mounting  in  development  work  and  pillars  were  mined  using  a  hand-held  monitor 
(147);  and  one   in  the  26°  pitching  "A"  coalbed  near  Carbondale,  Colo.,  where 
a  post-mounted  hydraulic  monitor  was  used  to  drive  raises  and  crosscuts.   It 
was  concluded  that  this  novel  method  of  mining  is  particularly  advantageous 
for  mining  pitching  coalbeds  not  amenable  to  mining  with  conventional  mechani- 
cal equipment.   The  full  potential  of  this  extraction  method  can  be  realized 
only  when  it  is  made  part  of  an  integrated  system  including  roof  control, 
hydraulic  transport  and  hoisting  of  the  coal,  and  other  auxiliary  operations. 
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The  adoption  of  commercial  hydraulic  mining  of  bituminous  coal  has  been 
announced  (50,  127 ).   With  regard  to  dust  control  in  hydraulic  mining  opera- 
tions, airborne  dust  at  the  faces  and  in  the  air  courses  is  reduced  signifi- 
cantly, and  dust  is  not  blown  off  the  top  of  loaded  cars,  eliminating  the  need 
for  costly  cleanup  and  heavy  rock  dusting  of  haulageways. 

Water  Infusion 

Infusion  of  the  coalbed  with  water  was  one  of  several  methods  investi- 
gated by  the  Bureau  of  Mines  for  draining  methane  from  strata  in  advance  of 
mining  the  coal.   In  the  first  study  ( 132-133)  it  was  observed  that  water 
infusion  tended  to  reduce  the  amount  of  dust  at  the  face  when  the  coal  was 
mined.   The  second  study  ( 134)  included  investigation  of  the  affect  of  dust 
suppression  by  the  water-infusion  method.   Dust  exposures  of  crew  members  and 
dust  loadings  of  return  air  from  the  working  face  were  determined  for 
continuous-mining  operations  before  and  after  water  infusion  of  the  coalbed. 
In  a  Bureau  of  Mines  internal  report  (42)  the  following  was  concluded: 

1.  Dust  generation  of  the  mining  operation  was  reduced  by  infusion  of 
the  coalbed.   The  reduction  rate  could  not  be  determined  accurately  during 
this  study,  but  does  not  appear  to  be  great  enough  to  justify  infusion  solely 
for  control  of  dust  generation. 

2.  No  advantage  was  demonstrated  for  the  use  of  a  wetting  agent  with  the 
infusion  water. 

3.  Dust  suppression  was  adversely  affected  when  mining  of  the  infused 
coal  was  delayed. 

4.  High  dust  loading  of  the  return  air  resulted  when  more  than  9,200  cfm 
of  air  was  used  for  face  ventilation. 

5.  Satisfactory  mining-crew  dust  exposures  resulted  when  5,600  cfm  or 
more  of  air  was  used  for  face  ventilation,  9  gpm  or  more  of  spray  water  was 
used  to  allay  dust,  and  the  coalbed  was  infused  within  48  hours  of  mining. 

Loading,  Transport,  and  Unloading  of  Mineral  and  Dead  Rock 

Control  of  coal  dust  during  hand  or  mechanical  loading  is  accomplished  by 
wetting  the  coal.   The  sprays  are  either  hand-held  or  mounted  on  the  loading 
machines.   When  a  dry  coal-cleaning  process  restricts  the  amount  of  water  that 
can  be  used  at  the  coal  face,  wetting  agents  are  sometimes  added  to  the  water 
to  increase  its  effectiveness.   At  transfer  and  unloading  points  of  transport 
systems,  properly  installed  water  sprays  are  used  successfully.   Experimental 
use  of  a  high-expansion  foaming  agent  reduced  dust  counts  at  belt-conveyor 
transfer  points  by  50  percent  (U2).   The  superior  performance  of  the  foaming 
agent  compared  with  "water  alone"  was  not  great  enough  to  justify  the  added 
expense  of  adopting  the  system.   Coal  is  not  crushed  underground,  as  a  general 
rule;  however,  at  one  such  unique  operation  (48),  coal-dust  control  was  accom- 
plished by  installation  of  an  efficient  dust-collection  system. 
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Deposited  Dust 

Sprinkling  with  water  or  salt  solutions  is  usually  resorted  to  for  con- 
solidation of  material  deposited  on  roadways.   At  one  metal  mine  where  water 
gave  only  temporary  relief,  roadways  are  sprinkled  with  a  water-soluble 
asphaltic  material  ( 184).   Treatment  consists  of  Bitumate,4  mixed  with  water 
to  make  a  5-percent  solution,  sprayed  from  a  tank  car  on  a  2-  to  4-week 
schedule. 

The  Bureau  of  Mines  continued  the  study  of  float-coal  transport,  deposi- 
tion, explosion  hazard,  and  control  methods  ( 144-146 ).   Initial  studies  on 
float-coal  transport  and  deposition  indicated  the  following: 

1.  The  air  velocity  has  a  marked  effect  on  the  quantity  of  dust  depos- 
ited on  the  floor  at  a  given  station  and  consequently  on  the  quantity  in 
suspension. 

2.  For  a  given  air  velocity,  the  quantities  of  dust  deposited  per  unit 
area  and  maintained  in  suspension  at  a  station  vary  inversely  as  the  square 
root  of  the  distance  from  the  dust  source. 

3.  For  a  given  air  velocity,  the  quantity  of  dust  deposited  at  a  station 
is  directly  proportionate  to  the  quantity  of  dust  dispersed.   Deposition  at  a 
station  was  not  affected  by  the  rate  of  dust  dispersion  in  the  0.3  to  2  lb/min 
discharge  range. 

4.  Dust  deposition  is  relatively  uniform  across  the  width  of  entry. 

5.  The  quantity  deposited  on  rib-roof  surfaces  is  a  small  proportion  of 
the  total  dust  dispersed.   Dust  deposition  on  trays  decreases  approximately 
linearly  with  height  above  the  floor. 

6.  The  quantity  of  dust  deposited  is  affected  by  the  shape  of  the  trays. 
Dust  deposition  on  trays  having  a  1/4-inch-circumf erential  lip  may  be  20  times 
more  than  on  flat  trays  when  the  air  velocity  is  550  fpm.   At  an  air  velocity 
of  200  fpm,  three  times  more  dust  was  collected  than  on  flat  trays.   About  the 
same  quantity  of  dust  was  deposited  on  glass  and  plastic  sheets  as  on  a  flat 
galvanized  sheet-metal  surface. 

7.  The  relative  humidity  (50  to  94  percent)  does  not  affect  dust 
deposition. 

To  determine  the  quantity  of  float  coal  deposited  in  return  airways  and 
belt  entries,  the  Bureau  surveyed  50  mines  located  in  the  major  coalfields  of 
the  United  States  ( 105 ).   The  mean  quantity  of  deposited  dust  was  found  to  be 
0.02  oz/cu  ft  of  entry  volume,  of  which  73  percent  was  on  the  floor  and  27 
percent  was  on  the  ribs  and  roof.   The  float  coal  concentration  was  more  than 
0.1  oz/cu  ft  in  6  percent  of  the  dust  samples.   Statistical  analysis  of  the 
samples  indicated  that  the  quantity  of  float  coal  does  not  differ  signifi- 
cantly between  samples  collected  from  mines  using  conventional  or  continuous 
mining  equipment,  between  mines  working  in  coal  seams  having  a  low  or  high 

^Reference  to  specific  brands  is  made  for  identification  only  and  does  not 
imply  endorsement  by  the  Bureau  of  Mines. 


16 


volatile  ratio,  located  in  Eastern  or  Western  States,  or  producing  less  than 
or  more  than  5,000  tons  of  coal  per  day.   Similarly,  no  significant  difference 
was  observed  between  samples  from  entries  having  a  low  or  a  high  velocity  air 
current  and  from  locations  adjacent  to  or  distant  from  the  last  open  cross-cut. 

Bureau  recommendations  (146 )  for  alleviating  the  float  coal  hazard 
included  (1)  using  water  sprays  on  mining  equipment,  (2)  using  rock  dust  to 
maintain  a  minimum  of  80  percent  incombustible  in  the  top  1/8- inch  layer  of 
dust  where  float  coal  is  deposited  in  amounts  less  than  0.1  oz/cu  ft,  (3)  mix- 
ing of  the  coal  and  rock  dusts  on  the  floor  to  insure  80  percent  incombustible 
on  the  floor,  if  incombustible  content  of  rib-roof  surfaces  is  80  percent  or 
higher,  and  (4)  dispersing  rock  dust  into  the  return-air  ventilating  current 
during  mining  operations.   Inert-dust  dispersers  and  water  jets  activated  by 
an  explosion  are  being  investigated  for  supplementing  generalized  rock  dusting. 

The  handling  of  rock  dust  in  bulk  with  newly  developed  equipment,  was 
advanced  as  a  means  for  drastically  reducing  the  cost  of  rock  dusting  in  multi- 
shift  coal  mines  (3,  49,  52).   Adoption  of  a  bulk  handling  system  at  one  mine 
(46,  55_)  resulted  in  the  saving  of  $7.40  per  ton  of  rock  dust  applied  and 
increased  mine  safety. 

Successful  use  of  rock-dust  dispensers  on  auxiliary  fans  was  first 
reported  in  1963  (6_9)  for  minimizing  hazards  which  may  result  from  layer 
deposition  of  coal  dust  in  return  airways  ( 138 ).   Rock  dust  was  fed  at  a  rate 
of  1/2  to  1  pound  per  minute  into  the  discharge  of  an  auxiliary  exhaust  fan 
ventilating  the  face  of  a  continuous-miner  operation.   Dust  samples  were  col- 
lected from  the  floor,  roof,  and  ribs  of  the  return  airway  at  intervals  of 
about  100  feet  for  a  distance  of  1,140  feet  from  the  face.   The  floor  samples 
had  incombustible  contents  ranging  from  82.8  to  85.5  percent.   The  composites 
of  floor,  roof,  and  rib  samples  had  incombustible  contents  ranging  from  65.6 
to  90.4.   The  cumulative  samples  for  1,140  feet  outby  the  face  were  homogene- 
ous mixtures  having  incombustible  contents  of  at  least  78.7  percent.   Others 
(14,  29i,  6J7)  have  reported  similar  success.   This  practice  has  become  stan- 
dard operating  procedure,  and  is  now  referred  to  as  "trickle  dusting"  (71_,  74). 

Ventilation 

Higher  production  rates  and  the  mining  of  coal  under  deeper  cover  have 
increased  methane  and  dust  liberation  in  the  mines  and  consequently  the  need 
for  greater  quantities  of  fresh  air.   The  circulation  of  5  to  10  tons  of  air 
for  each  ton  of  coal  produced  is  not  unusual  (22,  53)  and  it  is  common  to  have 
20,000  or  more  cfm  of  air  in  the  last  breakthrough  within  a  distance  of  less 
than  200  feet  from  the  face  (86_).   Due  to  leakage,  ventilation  air  losses  in 
operating  mines  often  amount  to  70  percent  of  the  induced  airflow.   The  use  of 
a  material  consisting  of  an  industrial  nylon  laminated  with  vinyl  was  sug- 
gested for  use  in  construction  of  temporary  stoppings  and  line  curtains  (43). 
The  construction  of  stoppings  with  polyurethane  foam  was  also  suggested  (104). 
Reduced  construction  costs  and  air- leakage  losses  are  advantages  claimed  for 
these  materials.   In  a  coal  mine  ventilation  guide  (5JJ,  fundamentals  of  mine 
ventilation  were  reviewed,  industry's  emphasis  on  improving  ventilation  at  the 
immediate  face  was  noted,  and  the  use  of  the  new  materials  and  equipment  now 
available  was  stressed. 
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Face  ventilation  is  accomplished  with  line  brattices  or  auxiliary  fans 
supplemented  by  diffusion  fans  when  required  for  the  control  of  methane.   Line 
brattice  is  used  except  when  bulky  face  equipment  prevents  its  proper  installa- 
tion.  The  efficiency  of  line  brattice  systems  is  dependent  upon  direction  of 
airflow,  method  of  installation,  porosity  of  fabric,  and  tight-rib  area  (62-63). 
Successful  ventilation  of  faces  with  line  brattices  where  ripper-type  continu- 
ous miners  are  used  was  described  (22_).   When  line  brattices  of  jute  material 
are  installed  properly  3,000  to  6,000  cubic  feet  of  air  per  minute  are  pro- 
vided to  the  faces.   The  intake  air  is  directed  over  the  mining  equipment  so 
that  the  mining  crews  are  not  exposed  to  the  coal  dust  in  the  return  air.   If 
more  air  is  required  for  methane  dilution  and  removal,  the  regular  jute  cur- 
tain is  backed  with  plastic  material  to  reduce  leakage  through  the  line  brat- 
tice. The  installation  of  small  diffusing  fans  and  air  ducts  on  Jeffrey  Colmols 
for  control  of  methane  at  faces  where  line  brattice  is  used  was  reported  (185). 
The  line  brattice  can  be  hung  on  either  side  of  the  work  place  as  the  ducting 
allows  air  to  be  directed  across  the  face  in  either  direction. 

Coal  faces  being  advanced  by  full  face  boring  machines  are  ventilated 
most  successfully  with  auxiliary  fans.   A  permit  for  the  use  of  auxiliary  fans 
must  be  obtained  from  the  Joint  Industry  Safety  Committee  ( 118 ).   A  study  of 
methods  for  ventilating  continuous-miner  places  was  made  by  the  Bureau  of 
Mines  ( 175 ) ;  the  following  recommendations  were  made  concerning  the  use  of 
auxiliary  fans: 

1.  Each  auxiliary  fan  should  be  of  the  permissible  type  and  maintained 
in  a  permissible  condition. 

2.  Each  auxiliary  fan  should  be  installed  and  operated  so  that  recircu- 
lation is  avoided. 

a.  Blowing-type  fans  should  be  installed  on  the  intake  side  of  the 
breakthrough. 

b.  Exhausting -type  fans  should  be  installed  on  the  return  side  of 
the  entry  or  breakthrough. 

c.  In  all  cases  the  quantity  of  intake  air  available  to  the  auxil- 
iary fan  should  be  greater  than  the  rated  capacity  of  the  fan. 

3.  Auxiliary  fans  should  be  operated  continuously  during  face  operations. 
If  the  auxiliary  fan  fails  or  is  stopped,  power  to  the  face  equipment  should 
be  disconnected  until  the  fan  is  again  in  operation.   During  such  stoppage, 
face  ventilation  should  be  maintained  by  conducting  the  primary  air  current 
into  the  place  in  such  a  manner  that  accumulations  of  methane  are  prevented. 

4.  Auxiliary  fans  should  not  be  operated  during  the  interruption  of  the 
main  ventilating  current.   Any  accumulation  of  methane  resulting  from  such 
interruption  should  be  removed  by  conducting  the  air  current  into  the  place 
with  line  brattice  after  the  restoration  of  the  main  ventilating  current  and 
before  auxiliary  ventilation  is  resumed. 
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5.  In  places  where  auxiliary  fans  are  used,  the  ventilation  during 
scheduled  idle  periods  (that  is,  weekends,  idle  shifts,  etc.  )  should  be  by 
means  of  the  primary  air  currents  conducted  into  the  place  in  such  manner  that 
the  accumulation  of  methane  is  prevented. 

6.  When  auxiliary  systems  incorporate  a  small  blower  or  diffuser  mounted 
on  the  machine,  such  blower  or  diffuser  should  be  stopped  immediately  if  the 
auxiliary  fan  or  primary  air  source  fails.   This  will  prevent  the  recircula- 
tion of  air-gas  mixtures  at  the  face. 

7.  If  it  is  necessary  to  prevent  intermittent  operation  or  operation 
below  capacity,  the  auxiliary  fan  should  be  installed  on  a  separate  power 
source. 

8.  The  size  of  the  fan  and  tubing  should  be  adequate  to  provide  the 
necessary  air  volume  requirements  when  using  the  maximum  length  of  tubing  or 
duct  that  may  be  necessary. 

9.  Ducts  or  tubing  should  be  installed  and  maintained  to  prevent  exces- 
sive leakage  and  should  be  suspended  from  the  roof  or  timbers. 

10.  Machine-mounted  auxiliary  fans  or  diffusers  should  be  mounted  and 
maintained  so  that  accumulations  of  coal  or  debris  do  not  obstruct  the  passage 
of  air  through  the  fan  or  ducting. 

11.  The  installation  and  operation  of  the  auxiliary  units  should  be  super- 
vised and  controlled  by  a  competent  person  responsible  to  the  mine  foreman. 

A  hydraulically  driven  exhaust  fan  was  mounted  on  a  full  face  boring-type 
continuous  miner  to  exhaust  air  from  the  face  (30).   Mine  personnel  believe  it 
provides  the  best  face  ventilation  for  that  type  of  boring  miner.   Over  5,000 
cubic  feet  of  air  per  minute  are  discharged  from  the  face  into  the  return  at 
the  end  of  170  feet  of  18-inch  tubing.   It  was  claimed  that  the  arrangement 
provides  a  movement  of  fresh  air  over  the  mining  machine,  good  face  visibility, 
and  better  ventilation  for  methane  control  at  the  immediate  face.   Testing  and 
use  of  auxiliary  fans  supplemented  by  diffusion  fans  for  satisfactory  ventila- 
tion of  boring- type  miner  faces  has  also  been  described  (70,  156).   At  one 
operation,  depending  upon  methane  liberation,  up  to  three  auxiliary  fans  are 
used  to  exhaust  air  from  the  face  through  16-inch  noncollapsible  tubing.   The 
fans  are  driven  by  5  hp  electric  motors  and  deliver  4,000  to  5,000  cfm  of  air 
at  the  end  of  the  tubing.   If  more  than  one  fan  is  used,  one  ventilation  line 
is  ended  at  the  coal  pile  at  the  end  of  the  boom  of  the  continuous  miner.   The 
auxiliary  exhaust  fans  were  fitted  with  200- pound  rock  dust  hoppers  for 
trickle  dusting.   A  small  diffuser  fan,  mounted  on  the  continuous  miner,  is 
always  used  in  conjunction  with  the  auxiliary  exhaust  fan,  to  provide  air 
movement  in  the  corner  of  the  face  opposite  to  the  ventilation  tubing. 

To  assure  positive  ventilation  at  the  faces  of  boring  machine  operations, 
the  Bureau  of  Mines  has  included  the  following  condition  in  its  proposed  revi- 
sion of  Schedule  2  (38)  under  which  electric  motor-driven  mine  equipment  and 
accessories  are  certified  for  use  in  gassy  coal  mines: 
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§  18.22   Boring-type  machines  equipped  for  auxiliary  face  ventilation. 

Each  boring-type  continuous -mining  machine  that  is  submitted  for 
approval  shall  be  constructed  with  an  unobstructed  continuous 
space(s)  of  not  less  than  200  square  inches  total  cross-sectional 
area  on  or  within  the  machine  to  which  flexible  tubing  may  be 
attached  to  facilitate  auxiliary  face  ventilation. 

The  Bureau  of  Mines  conducted  a  study  of  dust  control  in  connection  with 
continuous  mining  of  coal(l_l).   The  effectiveness  of  dust  suppression  methods 
being  employed  was  evaluated  for  the  purpose  of  establishing  operating  proce- 
dure guides  for  adequate  dust  control.   Thirty-eight  mining  machines,   operat- 
ing in  15  mines,  were  observed.    The  mines  that  were  visited  were  working  in 
nine  different  coal  seams  and  were  using  five  different  types  of  mining 
machines.   Blowing  and  exhausting  line  brattices  or  auxiliary  fans,  operating 
exhausting,  were  used  for  face  ventilation.   At  all  mining  operations  observed 
water  was  being  used  for  allaying  dust,  and  at  two  mines  a  wetting  agent  was 
being  added  to  the  water.   Following  is  a  summary  of  what  the  investigation 
revealed  regarding  conditions  for  dust  exposure  control: 

1.  Air  unpolluted  with  dust  should  be  directed  over  all  the  men  of  the 
mining  crew.   Here,  air  unpolluted  with  dust  means  air  having  a  dust  concentra- 
tion of  5  million  particles  per  cubic  foot,  or  less. 

2.  Joy  Continuous  Miner  operations  need  a  minimum  of  2,500  cfm  of  air 
for  face  ventilation  and  about  10  gpm  of  water  for  allaying  dust,  or  4,000  cfm 
of  air  and  5  gpm  of  water.   If  the  machine  is  equipped  with  roof  drills  or 
timbering  is  concurrent  with  the  machine  operation,  a  minimum  of  4,000  cfm  of 
air  and  10  gpm  of  water  is  needed. 

3.  Lee  Norse  Miner  operations  need  3,500  cfm  of  air  for  face  ventilation 
and  about  10  gpm  of  water  for  allaying  the  dust.   When  less  than  10  gpm  of 
water  are  used,  a  minimum  of  5,000  cfm  of  air  is  needed. 

4.  Judging  from  limited  data,  the  requirements  for  Jeffrey  Colmol  opera- 
tions are  comparable  to  those  for  Lee  Norse  Miner  operations. 

5.  Men  installing  roof  supports  or  extending  line  brattice  or  ventila- 
tion tubing  should  wear  respirators  when  working  in  return  air.  Return  air, 
here,  means  air  that  has  left  the  face  after  passing  over  the  mining  machine. 

The  first  condition  for  control  indicates  that  the  face  should  be  venti- 
lated by  an  exhaust  system.   This  can  be  accomplished  either  by  exhausting  the 
air  behind  line  brattice  or  with  an  auxiliary  fan  through  noncollapsible 
tubing.   An  exhaust  system  may  be  used  safely  for  ventilating  gassy  mine 
faces  if  the  system  provides  for  diffusion  of  the  gases  at  the  face  and  has 
sufficient  capacity.   The  Bureau  of  Mines  studied  this  problem  and  outlined 
safe  procedures  (175).   Dust  loadings  of  the  return  from  the  face  of  each 
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operation  observed  were  measured  and  ranged  from  0.05  to  26.7  pounds  of  coal 
dust  per  hour  of  continuous  operation.   The  effectiveness  of  the  use  of  5  gpm 
of  spray  water  was  demonstrated  in  one  instance  by  dust  loadings  of  2.5  pounds 
per  hour  with  water  to  the  machine  spray  nozzles  turned  off  and  0.4  pound  per 
hour  with  water  turned  on.   The  effect  of  adding  a  wetting  agent  to  the  spray 
water  was  demonstrated  by  dust  loadings  of  1.4  pounds  per  hour  when  water 
alone  was  used  and  1.0  pound  per  hour  when  a  wetting  agent  was  added  to  the 
water  to  make  a  1-percent  and  a  2-percent  solution.   The  effect  of  a  wetting 
agent  was  demonstrated  in  a  second  instance  by  dust  loadings  of  4.5  and  4.3 
pounds  per  hour  when  water  was  used,  and  by  loadings  of  2.9  and  3.0  pounds  per 
hour  when  water  with  a  wetting  agent  added  was  used 

The  state  of  the  art  of  face  ventilation  was  summed  up  ( 122 )  as  follows: 

1.  Normally  we  have  sufficient  air  available,  at  the  last  "open 
crosscuts. " 

2.  We  can,  within  limits,  control  the  air  available,  but  more  applied 
research  should  be  done  on  better  checks  or  doors. 

3.  Using  the  proper  material  in  well-installed  brattices,  we  can  move 
sufficient  air  to  the  face  where  conventional  equipment  is  operated. 

4.  In  the  case  of  continuous  miners  or  other  bulky  machines,  additional 
research  on  clearing  the  face  of  explosive  concentrations  of  methane  is  needed. 

5.  Research  is  needed  to  reduce  friction  sparking  by  the  bits  of 
machines. 

6.  Additional  work  should  be  conducted  to  reduce  the  dust  produced  and 
to  allay  whatever  dust  is  evolved. 

Personal  Protective  Equipment 

A  cryogenic  breathing  apparatus  for  continuous -miner  operators,  an  inno- 
vation in  environmental  dust  control,  was  tested  and  evaluated  by  one  coal 
mine  operator  (80).   The  prototype  consisted  of  a  portable  cryogenic  storage 
vessel  and  heat  exchanger  mounted  on  the  continuous  miner,  and  a  breathing 
mask  for  the  operator  with  a  demand-type  regulator  and  a  gas  delivery  hose 
having  a  quick-disconnect  coupling.   An  improved  version  of  the  prototype  com- 
bined the  vessel,  heat  exchanger,  and  auxiliaries  into  one  compact  unit  for 
mounting  on  the  continuous-mining  machine.   Other  methods  of  providing  dust- 
free  air  at  comfortable  temperatures  to  the  machine  operator,  such  as  the  use 
of  low-pressure  compressors,  were  being  investigated  also.   In  view  of  the 
known  limitations  to  the  use  of  respirators  ( 176 ),  these  efforts  make  evident 
the  difficulty  of  suppressing  the  dust  generated  by  continuous -type  mining 
machines. 
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AIRBORNE-DUST  SAMPLING,  MEASUREMENT,  AND  ANALYSIS 

Dust  Sampling 

A  detailed  description  of  about  150  air  sampling  instruments  was  included 
in  a  manual  of  instruments  (4).   It  contains  a  pertinent  and  comprehensive 
technical  discussion  introducing  each  instrument  grouping  and  an  appendix  of 
tabular  data  useful  to  the  industrial  hygienist.   Other  published  books  per- 
taining to  dust  sampling,  measurement,  and  analysis  are  included  in  the  list 
of  references  of  this  paper  (1_,  44,  65_,  89_,  107 ).   Many  articles  were  pub- 
lished on  these  subjects,  but  only  those  describing  equipment  or  procedures 
thought  to  be  applicable  to  the  mining  industry  are  noted  in  this  circular. 

There  is  general  agreement  that  the  midget  impinger  is  useful  as  a  con- 
trol instrument,  but  its  value  for  evaluating  the  health  hazard  of  dusts  is 
questioned.   The  doubt  stems  from  a  growing  acceptance  of  the  concepts  of 
respirable  dust  and  selective  sampling  for  assessing  the  health  hazard.   The 
genesis  and  evolution  of  these  concepts  were  discussed  by  Morrow  ( 1 40 ) .   Hatch 
and  Gross  (8_9)  included  descriptions  of  size-selecting  instruments  in  a  trea- 
tise on  pulmonary  deposition  and  retention  of  inhaled  aerosols.   They  con- 
cluded that  "there  is  no  firm  and  final  answer  to  the  question:   How  to 
collect  aerosol  samples  and  how  to  express  aerosol  concentrations  and 
composition. " 

Studies  of  size-selective  samplers,  suitable  for  fieldwork,  were  under- 
taken to  resolve  some  of  the  problems  associated  with  an  accurate  assessment 
of  hazards  to  health  from  inhaled  uranium  aerosols.   One  such  study  (9_3)  was 
conducted  in  uranium  mills  in  New  Mexico,  using  May  preimpingers  followed  by 
macroimpingers  and  several  models  of  small  cyclones  followed  by  membrane  fil- 
ters.  Retention  characteristics  were  determined  for  the  preimpinger  and  four 
models  of  cyclones,  and  compared  with  upper  respiratory  track  retention  curves. 
The  effects  of  sampling  rate,  of  agglomeration  and  density  of  sampled  dust, 
and  of  variation  of  outlet  diameter  on  the  collecting  efficiency  of  cyclone 
collectors  were  also  investigated.   Another  study  ( 120)  consisted  of  develop- 
ing and  using  a  family  of  size-selective  air  samplers  for  field  survey  work. 
Each  sampler  consisted  of  a  cyclone  collector  followed  by  an  efficient  filter 
and  operated  at  a  flow  rate  suitable  to  a  particular  suction  source.   Sampling 
rates  ranged  from  0.9  1pm  to  40  cfm.   With  these  samplers,  relative  propor- 
tions of  "respirable"  and  "nonrespirable"  dusts  were  determined  for  various 
operations  in  the  uranium  and  beryllium  industries. 

Following  the  trend  to  size-selective  dust  sampling,  the  Division  of 
Occupational  Health  of  the  Pennsylvania  Department  of  Health  reported  an  inves- 
tigation of  gravimetric  dust  sampling  ( 157).   The  performance  characteristics 
of  cyclones  and  horizontal  elutriators  were  studied. 

In  the  conduct  of  the  environmental  phase  of  the  coal  miners'  pneumoconi- 
osis study,  the  Bureau  of  Mines  was  confronted  with  the  problem  of  sampling 
procedure.   In  reviewing  the  problem  it  was  stated  ( 178 )  that  instrumentation 
should  be  based  upon  the  following  fundamental  concepts: 
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1.  This  survey  is  concerned  only  with  hygienically  significant  dust. 

2.  It  should  determine,  as  well  as  possible,  the  hygienically  signifi- 
cant dust  in  the  breathing  zone  of  coal  mine  workers. 

3.  It  should  simultaneously  determine  the  hygienically  significant  dust 
in  the  work  area. 

4.  The  relationship  between  data  obtained  from  the  breathing  zone  and 
corresponding  information  obtained  from  the  work  area  must  be  established. 

5.  Measurements  should  be  made  on  a  time  weighted,  full  shift  basis. 

6.  The  survey  should  separately  identify  the  dustiness  exposure  of  sig- 
nificantly different  mining  operations. 

7.  Compositional  analysis,  especially  for  silica  and  ash,  should  be  made. 

Guided  by  these  concepts,  laboratory  and  field  tests  of  various  dust  sampling 
instruments  were  undertaken  by  the  Bureau  of  Mines  to  determine  their  utility. 
A  battery-operated  midget  impinger  pump  and  a  battery  and  pump  combination  for 
8  to  10  hours  operation  of  a  personal  sampler  were  developed.   Both  are  intrin- 
sically safe.   The  personal  monitor  consists  of  a  10-mm  cyclone  separator  fol- 
lowed by  a  membrane  filter.   It  has  a  flow  rate  of  2.8  1pm,  and  the  dust  col- 
lected on  the  membrane  filter  is  determined  by  weighing.   The  tests  included 
simultaneous  sampling  with  the  midget  impinger  apparatus,  the  personal  monitor, 
and  an  Isleworth  Gravimetric  Dust  Sampler.   An  empirical  relationship  of  5.6 
million  particles  per  cubic  foot  (mppcf)  equivalent  to  1  mg  of  respirable  dust 
per  m3,  was  derived  from  the  midget  impinger  and  Isleworth  sampler  data  (96). 
An  empirical  relationship  of  17  mppcf  equivalent  to  1  mg  of  respirable  dust 
was  derived  from  additional  personal  monitor  data.   The  quartz  content  of  the 
respirable  dust  samples  obtained  with  the  personal  monitor  and  the  Isleworth 
sampler  can  be  determined  by  infrared  spectroscopy.   A  0.35  to  0.45  milligram 
portion  of  a  sample  pelletized  with  potassium  bromide  is  required  for  analysis. 

A  preliminary  study  (25_)  was  made  of  the  composition  of  the  respirable 
fraction  of  airborne  coal  dust.   Samples  were  collected  for  long  periods  of 
time  in  a  powerplant  with  an  elutriator  especially  designed  for  fractional 
recovery.   Results  indicated  that  settled  dust  samples  as  commonly  collected 
or  samples  of  the  parent  coal  are  not  representative  of  the  respirable  air- 
borne coal  dust.   The  total  mineral  content  (ash)  of  the  airborne  coal  dust 
increased  as  the  particle  size  decreased.   The  concentration  of  silica  in 
parent  material  and  airborne  particulate  matter  were  also  investigated  (177). 
The  data  obtained  from  the  study  indicated  that  the  free  silica  content  of 
airborne  dust  samples  collected  within  6  feet  of  the  dust-producing  operation 
and  the  parent  material  were  about  the  same.   For  samples  collected  at  dis- 
tances greater  than  6  feet  the  data  were  inconclusive. 

Two  cascade  impactors  of  new  design  have  been  described  in  recent  publi- 
cations.  The  first  instrument  ( 119)  was  found  to  be  suitable  for  the  rough 
estimation  of  particle  size  distribution  of  airborne  materials  commonly 
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encountered  in  industry.   Particulates  are  collected  at  four  impaction  stages 
on  two  standard  1-  by  3-inch  glass  microscope  slides  and  on  a  1-inch-diameter 
filter  following  the  impaction  stages.   The  second  instrument  (6^)  is  composed 
of  six  collection  stages,  each  having  400  impactor  jets,  and  has  a  sampling 
rate  of  1  cubic  foot  of  air  per  minute.   Having  been  calibrated  by  using  unit 
density  spheres,  all  particles  collected  with  it  are  classified  as  aerodynamic 
equivalents  of  particles  of  known  lung  penetrability.   Thus,  it  was  claimed 
that  the  health  hazard  can  be  assessed  on  the  basis  of  respiratory  tract  pene- 
tration.  For  a  special  study,  the  multijet  sampler  was  calibrated  by  use  of 
monodispersed  aerosols  of  methylene  blue  dye  and  polystyrene  latex  (77 ). 
Collection  efficiency  characteristics  were  determined  directly  from  the  mass 
retained  at  the  deposition  sites.   This  was  held  valid,  because  concurrent 
size-distribution  data  on  each  aerosol  generated  indicated  that  values  for 
number  and  mass  median  diameter  were  nearly  equal.   Experimental  methods  of 
aerosol  generation,  sampling,  and  mass  determination  were  presented  with  repre- 
sentative data.   Collection  efficiency  curves  obtained  for  the  various  stages 
of  the  sampler  were  given  with  computed  values  of  effective  cutoff  diameters. 
Simplicity  and  accuracy  were  cited  as  advantages  of  the  calibration  method. 
Another  direct  method  has  been  devised  for  measuring  cascade  impactor  stage 
efficiencies  (58).   The  method  makes  use  of  a  special  two-stage  configuration 
of  the  sampler  being  used.   To  employ  the  method,  it  is  only  necessary  to 
measure  the  unnormalized  density  function  of  the  particles  collected  on  the 
second  of  two  identical  impactor  stages.   With  this  method  an  impactor  stage 
can  be  calibrated  in  a  few  hours. 

Errors  inherent  in  methods  used  to  interpret  cascade  impactor  data  were 
discussed  in  a  recent  publication  ( 130).   Two  methods  of  interpretation  are 
commonly  used.   In  one,  the  stage  constants  of  the  impactor  are  effective  cut- 
off diameters,  and  it  is  assumed  that  a  given  stage  collects  all  particles 
greater  than  its  effective  cutoff  diameter.   In  the  other,  the  stage  constants 
are  mass  median  diameters,  and  it  is  assumed  that  the  sample  collected  at  a 
given  stage  always  has  the  same  mass  median  diameter.   Errors  in  interpreta- 
tion arise,  because  stage  constants  of  both  types  are  functions  of  the  mass 
distribution  of  the  aerosol  being  sampled.   The  magnitude  of  these  errors  was 
calculated  for  a  Casella  impactor,  and  it  was  found  that  effective  cutoff  diam- 
eters are  more  reliable  as  stage  constants  than  are  mass  median  diameters. 

Limited  use  has  been  made  of  the  cascade  impactor  for  sampling  in  ducts 
and  stacks.   A  dust  probe  was  designed  for  a  Casella  cascade  impactor  (82 ). 
The  design  includes  probe  nozzles,  an  arrangement  for  preventing  deposition  of 
aerosol  on  the  first  stage  prior  to  the  actual  sampling  period,  and  a  timing 
control  system  which  permits  reproducible  sampling  periods  as  brief  as  0.6 
second. 

A  miniaturized  midget  impinger  flask  was  developed  for  possible  use  as  a 
personal  monitor  ( 117 ).   The  design  is  based  on  a  threefold  reduction  of  the 
midget  impinger  flask  dimensions.   Dust  collection  performance  data  indicated 
that,  at  the  proper  flow  rate,  the  particle  collection  characteristics  of  the 
microimpinger  are  comparable  to  those  of  the  midget  impinger. 
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An  improved  high-volume  air  sampler  having  a  weighable  support  for  fibre 
glass  filters  was  described  ( 173).   Novel  features  of  the  equipment  include  a 
filter  support  which  permits  rapid  filter  changing  and  an  arrangement  for 
accurate  airflow  measurement.   A  light-weight  high-volume  electrostatic  precip- 
itator was  announced  ( 121 ).   Reportedly,  it  collects  airborne  particles  of  all 
sizes  with  high  efficiency  at  a  sampling  rate  of  27  cubic  feet  of  air  per  min- 
ute.  The  sample  is  collected  on  a  single  tube  1-1/3  inches  in  diameter  and  12 
inches  long.   It  can  be  used  with  a  cyclone  precollector,  simulating  upper 
respiratory  retention,  for  two-state  sampling,  without  a  significant  reduction 
in  sampling  rate. 

Two  flow  rate  regulators,  each  working  on  a  different  principle,  were 
developed  to  maintain  constant  rates  of  flow  in  high-volume  air  samplers  (87). 
Both  a  bypass  regulator  and  a  series  regulator  showed  satisfactory  control  by 
regulating  the  airflow  of  approximately  35  cfm  within  ±4  percent  over  a  pres- 
sure range  of  13  to  16  inches  of  water.   Two  filtration-type  air  samplers  were 
tested  in  turbulent  and  positive  directional  air  streams  to  determine  if  sam- 
pling is  dependent  on  orientation  of  the  sampling  instrument  (19).      In  turbu- 
lent air  no  bias  due  to  orientation  was  found.   In  a  directional  air  stream, 
a  sampler  head  facing  into  the  air  stream  collected  more  dust  by  a  factor  of 
two. 

Aerosol  sampling  procedures  for  obtaining  electron  microscope  specimens 
were  outlined  and  discussed  in  an  article  (27)  which  also  includes  a  compre- 
hensive list  of  references  pertaining  to  sampling  methods. 

The  millipore  filter  technique  used  since  1957  by  the  Tennessee  Valley 
Authority  for  assessing  dusty  conditions  in  handling  coal  at  power  generating 
plants  has  been  developed  further  ( 143).   A  piece  of  filter  is  prepared  for 
counting  and  sizing  by  placing  it  on  a  microscope  slide  and  subjecting  it  to 
acetone  vapors  which  results  in  an  even,  clear,  glazelike  finish  to  the  filter 
with  the  dust  particles  sealed  to  the  slide  in  a  single  plane.   It  has  been 
reported  that  routine  use  of  membrane  filters  was  simplified  by  the  design  of 
a  small  inexpensive  filter  holder  which  has  advantages  over  commercially  avail- 
able units  (174).   Techniques  for  determining  sample  collection  rates  directly 
from  vacuum-gage  readings  and  for  preparing  samples  for  use  with  internal  pro- 
portional counters  were  described  in  the  same  report. 

The  reproducibility  and  the  relationship  of  dust  counts  determined  by  a 
Southern  Research  Institute  Aerosol  Photometer,  a  midget  impinger,  and  a  mem- 
brane filter  sampling  procedures  have  been  investigated  (2_6).   Coefficients  of 
variation  of  concentrations  of  airborne  limestone  dust  were  determined  to  be 
9.4,  15.2,  and  22.2  percent  for  the  aerosol  photometer,  membrane  filter,  and 
midget  impinger,  respectively.   Limestone  dust  concentrations  by  midget 
impinger  were  numerically  equivalent  to  aerosol  photometer  dust  concentrations 
with  its  threshold  setting  at  0.8  micron.   Best  agreement  of  membrane  filter 
and  aerosol  photometer  concentrations  for  coal  dust  occurred  at  the  0.3-micron 
threshold  setting.   Similar  results  were  obtained  with  the  aerosol  photometer 
when  used  in  an  underground  metal  mine  (45).   The  results  of  the  field  tests 
indicated  that  it  can  give  good  results,  calibration  is  very  important  for 
acquiring  accurate  count  and  size  distribution  data,  instrument  maintenance  is 
not  excessive,  and  its  operation  is  reliable. 


25 


Concern  has  been  expressed  over  the  need  for  further  standardization  of 
the  procedure  for  impinger  sampling  to  assure  compliance  with  the  threshold 
limit  values  recommended  annually  by  the  American  Conference  of  Governmental 
Industrial  Hygienists  ( 169 ).   The  following  recommendations  have  been  made: 

1.  The  inlet  to  the  impinger  should  be  held  between  the  dust  source  and 
the  worker's  nose  and  mouth  and  no  more  than  2  feet  from  the  worker's  nose 
and  mouth. 

2.  The  samples  should  be  spaced  throughout  a  shift  or  complete  cycle  of 
operations.   The  samples  should  be  taken  at  regular  intervals  or  at  times 
chosen  at  random  beforehand.   If  samples  are  taken  at  regular  intervals,  care 
should  be  taken  to  see  that  the  interval  does  not  coincide  with  any  other 
regular  cycle  of  events  which  might  be  related  to  dustiness. 

3.  The  environment  complies  with  the  threshold  limit  value  document  when 
the  estimated  average  concentration  is  less  than  that  given  by  the  following 
formula: 

C  =  TLV  -  k( range), 

where  C  =  maximum  average  concentration  for  compliance, 
TLV  =  threshold  limit  value, 

Range  =  difference  between  maximum  and  minimum  results,  and 
k  =  a  constant  related  to  the  number  of  samples  taken  (refer  to  the 
following  table). 

k  values  for  the  range 

Number  of 
samples  k 

32  0 

10-31  0.1 

6-9  0.2 

5  0.3 

4  0.4 

3  0.8 

2  2.9 


Particle  Sizing  and  Counting 

Centrifugal  sedimentation  and  electron  microscopy  coupled  with  electronic 
counting  were  compared  for  measurement  of  particle-size  distributions  of  cal- 
cium phosphate  and  silica  particles  below  5  microns  (95).   Weight-size  distri- 
butions from  the  two  techniques  agreed  within  experimental  error.   Excessive 
time  required  for  determination  and  inaccuracies  due  to  Brownian  motion  make 
the  use  of  the  centrifugal  sedimentation  technique  impractical  for  sizing  par- 
ticles smaller  than  0.1  micron  in  size. 
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The  relative  merits  of  methods  of  automatically  counting  and  sizing  parti- 
cles were  discussed  (54).   It  was  noted  that  (1)  light  scattering  methods  are 
readily  amenable  to  automation  and  at  present  offer  the  only  reliable  means 
for  directly  analyzing  aerosols  over  a  range  of  sizes  extending  from  molecular 
dimensions  to  the  lowest  sieve  size;  (2)  planar  field  scanning  has  not  ful- 
filled early  expectations,  and  instruments  utilizing  this  principle  need 
further  improvement  before  they  can  be  regarded  as  general  utility  instruments; 
and  (3)  the  Coulter  Counter  has  the  advantages  of  simplicity,  flexibility,  and 
low  operating  cost,  and  is  an  obvious  choice  for  applications  within  the  size 
range  specified  for  particles  dispersed  in  a  liquid  electrolyte. 

The  Bureau  of  Mines  developed  a  procedure  for  using  the  Coulter  Counter 
to  determine  dust  concentrations  from  midget  impinger  samples  collected  in 
coal  mines  (1_2).   The  procedure  was  found  to  be  more  precise  for  dust  counting 
than  the  Bureau  of  Mines  standard  microprojector  method  (7_).   The  gain  in  pre- 
cision is  due  primarily  to  the  increase  in  the  number  of  particles  counted. 
Counting  time  is  reduced  and  particle-size  data  can  be  obtained  readily.   The 
problems  of  instrument  calibration  ( 131 )  and  coincidence  phenomenon  ( 164)  were 
considered  in  the  course  of  the  investigation. 

Two  basic  errors  in  particle  counting  by  the  light- field  microscope 
method  have  been  investigated  (73).   These  were  the  within-counter  and  between- 
counter  variability  when  counting  particles  contained  on  a  given  field.   The 
study  indicated  that  the  between-counter  variability  was  about  twice  that  of 
the  within-counter  variability.   The  within-counter  variability  was  about  22 
percent  and  was  the  standard  deviation  expressed  as  percentage  of  the  within- 
counter  mean.   Optimum  dust  density  for  counting  was  found  to  be  between  40  to 
60  particles  per  field. 

The  effect  of  viscosity  of  the  suspension  medium  on  the  settling  time  of 
particles  in  suspension  in  a  counting  cell  has  been  investigated  (8_3).   A 
family  of  curves  was  prepared  which  allows  quick  approximation  of  expected 
settling  time  in  counting  cells,  as  defined  by  Stokes1  law,  when  minimum 
detectable  diameter,  particle  density,  and  medium  density  and  viscosity  are 
known.   It  was  concluded  that  if  consideration  of  media  viscosities  and  parti- 
cle densities  is  neglected,  the  data  yielded  by  the  fixed  settling- time  count- 
ing procedure  may  not  represent  the  actual  concentration  of  dust  on  a  common 
basis  for  comparison  with  threshold  limit  values  or  other  data. 

A  statistical  comparison  was  made  of  equivalent  area  counts  and  dust  con- 
centrations determined  from  microprojector  and  light-field  microscope  count 
data  (203).   The  equivalent  area  count  of  the  microprojector  deviated  signifi- 
cantly from  those  of  the  microscope  for  55  of  the  79  samples,  or  69.6  percent. 
A  similar  deviation  was  found  for  the  dust  concentrations.   In  each  case  it 
was  found  that  the  microprojector  produced  higher  results,  and  the  average 
ratio  was  1.52  for  microprojector  to  microscope  equivalent  area  counts. 

Thirty  persons  of  varying  experience,  determined  the  particle-size  dis- 
tribution of  a  prepared  set  of  18  dust  slides  for  comparative  purposes  and  the 
results  were  evaluated  statistically  (1_7).   Being  in  practice  rather  than 
having  long  experience  seemed  to  be  the  main  criterion  of  accuracy  in  size 
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measurement  by  microscope.   Another  comparison  was  made  of  the  aerosol  sam- 
pling and  sizing  techniques  of  nine  different  laboratories  (76).   Most  of  the 
work  of  the  study  involved  submicron  aerosols,  which  were  sized  by  electron 
microscope  techniques.   Variations  up  to  ±10  percent  in  count  median  diameter 
and  geometric  standard  deviation  were  found  in  comparing  sizing  results. 
Count  median  diameters  determined  on  the  basis  of  maximum  horizontal  diameter 
(Feret's  diameter)  were  approximately  10  percent  higher  than  those  determined 
on  the  basis  of  equivalent  area  (projected  diameter).   Variation  in  count 
median  diameter  remained  at  ±10  percent  with  eight  different  air  sampling 
instruments,  whereas  variation  in  geometric  standard  deviation  increased  to 
±15  percent. 

A  multistage  sizing  technique  has  been  described  (158)  which  is  applica- 
ble to  particle  sizes  ranging  from  0.3  to  500  microns.   Successive  particle- 
size  counts  of  several  hundred  particles  are  made,  each  at  a  lower  magnifica- 
tion as  required  by  the  particle-size  range  of  the  sample.   With  each 
successive  count,  the  particles  below  a  successively  larger  size  are  not 
counted.   The  ratio  of  the  number  of  particles  above  to  those  below  a  speci- 
fied size,  determined  from  the  preceding  counts,  are  used  to  calculate  the 
number  of  particles  in  the  omitted  size  ranges  for  the  successive  counts. 
The  size-count  data  are  converted  to  cumulative  size- frequency  data,  regarding 
the  particles  as  spheres.   The  size- frequency  data  are  plotted  on  log  probabil- 
ity graph  paper  to  determine  the  geometric  mean  size  and  geometric  standard 
deviation  on  a  number  basis.   The  reported  geometric  mean  size  on  a  weight 
basis  is  determined  by  using  the  following  equation: 

In  Xvg  =  In  X^+3.0  In2  og 

where  XVg  =  geometric  mean  by  weight, 
Xjj  g  =  geometric  mean  by  count, 
og   =  standard  geometric  deviation. 

Procedures  were  recommended  for  estimating  the  statistical  error  associ- 
ated with  presentation  of  sizing  data  based  on  conventional  count,  area,  or 
weight  distributions  (56-57 ).   Tabular  and  graphical  forms  are  suggested  for 
presentation  of  sizing  data.   It  was  recommended  that 

1.  The  original  sizing  data  be  presented,  not  only  the  total  number  of 
particles  sized,  but  the  number  per  defined  class  interval. 

2.  The  sizing  results  be  presented  as  a  frequency  histogram  or  a  cumula- 
tive frequency  distribution. 

3.  The  errors  associated  with  each  class  interval  and  estimated  as  f \ ' 2 
be  superimposed  on  the  frequency  polygon  or  at  least  indicated  in  a  table  in 
the  body  of  the  text. 

4.  If  "goodness  of  fit"  techniques  are  applied  to  the  sizing  data  and 
indicate  a  high  probability  for  adherence  to  the  log-normal  distribution,  then 
the  use  of  the  characterizing  parameters,  geometric  mean, and  standard  geo- 
metric deviation,  is  justified. 
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Some  areas  in  which  the  electron  microscope  has  been  employed  for  solu- 
tion of  occupational  health  problems  were  pointed  out  in  a  recent  publication 
(91_).   In  one  instance,  under  the  optical  microscope,  a  large  number  of  very 
small  particles  were  observed,  which  lowered  the  median  particle  size  well, 
below  that  found  in  a  similar  type  sample  from  a  previous  study.   When  the 
samples  were  examined  under  the  electron  microscope,  two  types  of  material 
were  seen.   One  was  the  typical  mineral  dust  of  concern,  and  the  other  was  a 
very  small  fumelike  substance,  later  identified  as  primarily  coal  smoke  and 
only  present  in  the  air  during  the  heating  season. 

A  new  method  was  developed  for  preparation  of  carbon-coated  grids  for 
electron  microscope  applications  ( 162 ).   Particularly  suited  for  quantity  out- 
put, it  was  claimed  to  be  relatively  simpler,  faster,  more  efficient,  and  less 
expensive  than  other  commonly  used  techniques. 

Dust  Analysis 

Procedures  used  routinely  in  the  laboratories  of  the  U.S.  Public  Health 
Service,  Division  of  Occupational  Health  for  the  X-ray  diffraction  analysis  of 
industrial  dust  were  presented  ( 183)  with  particular  reference  to  new  tech- 
niques for  the  collection  and  analysis  of  airborne  dust  when  the  total  weight 
of  sample  is  about  1  milligram.   The  composition  is  given  of  a  photographic 
developer  for  X-ray  diffraction  films  which  has  low  fogging  properties  and 
which  provides  a  wide  range,  linear  intensity-density  relationship.   The  use 
of  beryl  as  an  internal  standard  for  the  quantitative  determination  of  quartz 
in  industrial  dust  is  discussed,  and  results  obtained  by  chemical  methods  are 
compared  with  results  obtained  by  X-ray  diffraction  methods. 

Comparison  of  X-ray  diffraction,  chemical,  and  dispersion  staining  meth- 
ods for  the  determination  of  quartz  in  dust  samples  revealed  a  high  degree  of 
correlation  among  the  three  analytical  methods  (72_).   Dust  samples  from  a 
variety  of  sampling  instruments  were  analyzed  chemically  by  a  phosphoric  acid 
treatment  method,  by  a  phase  contrast  dispersion  staining  method,  and  by  X-ray 
diffraction.   The  correlation  of  pairs  of  sampling  methods  were  consistently 
good  except  for  analysis  of  the  less  than  5-micron  fractions.   Possible 
sources  of  disagreement  among  the  sampling  methods  used  were  judged  to  be  the 
loss  of  an  appreciable  mass  of  quartz  during  heating  of  the  sample  in  hot 
phosphoric  acid,  the  presence  of  other  material  having  indices  of  refraction 
similar  to  quartz,  and  a  disparity  between  particle-size  distribution  of  the 
quartz  and  nonquartz  fractions  of  the  sample.   It  was  concluded  that,  for  the 
same  dust  sample,  the  quartz  content  yielded  by  one  commonly  used  analytical 
method  may  differ  from  that  yielded  by  another  commonly  used  method. 

A  study  of  the  precision  of  the  phosphoric  acid  method  ( 182 )  gave  a  mean 
standard  deviation  of  0.34  in  the  analysis  of  typical  dust  samples  containing 
from  3  to  50  percent  quartz.  A  reduction  of  digestion  time  was  proposed  for 
minimizing  the  loss  of  quartz  from  the  less-than-5-micron  fraction  of  airborne 
dust.  The  phosphoric  acid  method  can  be  extended  to  samples  of  airborne  dust 
as  small  as  2  milligrams  by  spectrophotometric  determination  of  the  quartz  as 
molybdisilicic  acid. 
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A  technique  has  been  described  for  quantitative  determination  of  asbestos 
in  airborne  dust  samples  by  X-ray  diffraction  analysis  (5_9).   Samples  of  air- 
borne asbestos  collected  on  filters  are  redeposited  on  membrane  filters  to 
assure  uniform  distribution  over  the  entire  filter.   The  prepared  filters  are 
mounted  in  a  dif f ractometer  for  qualitative  and  quantitative  analysis.   This 
procedure,  which  makes  use  of  external  standards  prepared  from  pure  asbestos 
materials,  is  applicable  to  quantitative  determination  in  the  1-  to  8-milligram 
range  for  crocidolite  and  amosite  and  in  the  1-  to  10-milligram  range  for 
chrysotile.   This  procedure  may  be  used  for  analyzing  bulk  samples  by  dry- 
grinding  them  to  proper  particle  size  before  preparing  the  membrane  filter 
mounts.   A  technique  was  also  described  for  X-ray  diffraction  analysis  of  bulk 
or  settled  dust  samples  for  chrysotile  (60).   An  internal  standard,  aquamarine, 
is  used  in  the  quantitative  determination  of  the  asbestos  material.   The 
method  can  be  applied  to  1-gram  samples  of  materials  containing  a  minimum  of 
5  percent  chrysotile. 

LEGISLATION 

Except  as  provided  by  the  Federal  laws  noted,  the  regulation  dust  control 
in  mining,  tunneling,  and  quarrying  is  under  State  jurisdiction.   A  Bureau  of 
Mines  report  covering  1958  through  1960  summarized  the  various  State  adminis- 
trative organizations  (10). 

Federal  Government 

To  promote  health  and  safety  in  the  metal  and  nonmetallic  industries  the 
89th  Congress  passed  the  Federal  Metal  and  Nonmetallic  Mine  Safety  Act  (128, 
190),  which  was  approved  September  16,  1966.   The  major  responsibility  for 
administering  the  provisions  of  the  act  is  vested  in  the  Bureau  of  Mines. 
With  regard  to  dust  control,  it  authorizes  the  Secretary  of  the  Interior  to 
inspect  and  investigate  mines,  as  defined,  for  the  purpose  of  obtaining,  util- 
izing, and  disseminating  information  relating  to  the  causes  of  occupational 
diseases  originating  in  such  mines.   It  also  authorizes  him  to  promulgate 
health  and  safety  standards  and  to  designate  as  mandatory,  standards  which 
deal  with  conditions  or  practices  of  a  kind  which  could  reasonably  be  expected 
to  cause  death  or  serious  physical  harm.   No  standards  had  been  promulgated  by 
the  end  of  the  year  1967. 

Public  Law  376,  89th  Congress,  approved  March  26,  1966  (37,  229,  189), 
extended  the  provisions  of  Title  II  of  the  Federal  Coal  Mine  Safety  Act  to  all 
underground  coal  mines  regardless  of  the  number  of  persons  employed.   The  pro- 
visions of  the  amended  act  and  the  Federal  Mine  Safety  Codes  pertaining  to 
control  of  coal  mine  dust  are  as  follows: 

(1)  Where  underground  mining  operations  raise  an  excessive  amount  of  dust 
into  the  air;  water  or  water  with  a  wetting  agent  added  to  it,  or  other  effec- 
tive method,  shall  be  used  to  allay  dust  at  its  source.   This  mandatory  provi- 
sion from  which  anthracite  mines  are  excepted  is  intended  to  control  fire  and 
explosion  hazards  only. 
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(2)  The  dust  resulting  from  drilling  in  rock  shall  be  controlled  by  the 
use  of  permissible  dust  collectors  or  by  water  or  water  with  a  wetting  agent, 
except  as  provided  for  short  periods  of  exposure  (41).   This  is  an  advisory 
provision  applicable  to  all  underground  mines. 

(3)  Men  exposed  for  short  periods  to  gas-,  dust-,  fume-,  and  mist- 
inhalation  hazards  shall  wear  permissible  respiratory  equipment.   When  expo- 
sure is  for  prolonged  periods,  other  measures  to  protect  the  workmen  or  to 
reduce  the  hazard  shall  be  taken.   This  is  an  advisory  provision  applicable 
to  all  underground  mines. 

(4)  Men  exposed  to  dust-,  fume-,  and  mist-inhalation  hazards  shall  wear 
permissible  respiratory  equipment.  This  is  an  advisory  provision  applicable 
to  all  strip  mines. 

Under  provisions  of  the  Walsh-Healey  Public  Contracts  Act  the  Department 
of  Labor  issued  "Radiation  Standards  for  Mining"  (35-_36  ),  effective  December  14, 
1967.   In  it  a  working  level  is  defined  as  any  combination  of  radon  daughters 
in  one  liter  of  air  which  will  result  in  the  ultimate  emission  of  1.3  x  105  mev 
of  potential  alpha  energy.   A  working  level  month  is  defined  as  the  exposure 
received  by  a  worker  breathing  air  at  one  working  level  concentration  for 
4-1/3  weeks  of  40  hours  each.   Control  of  occupational  exposure  is  required  so 
that  no  individual  will  receive  an  exposure  of  more  than  1.8  working  level 
months  in  any  consecutive  3-month  period  and  no  more  than  3.6  working  level 
months  in  any  12-month  period.   Until  January  1,  1969,  mines  will  be  consid- 
ered in  compliance  that  have  conditions  that  would  result  in  an  exposure  of 
not  more  than  12  working  level  months  in  any  12  consecutive  months. 

State  Government 


The  States  of  Alaska,  Arizona,  Idaho,  Michigan,  Montana,  Nevada,  New 
Mexico,  Oklahoma,  Pennsylvania,  South  Dakota,  Utah,  Virginia,  West  Virginia, 
and  Wyoming  made  changes  in  mining  laws  during  the  period  1963  through  1967. 
Regulations  pertaining  to  dust  control,  included  in  these  laws,  are  summarized 
as  follows: 

Alaska 

The  "Mine  Safety  Regulations,  1963"  (2)  of  the  State  of  Alaska  applicable 
to  mines  other  than  coal,  requires  that  an  employer  shall  provide  water  or 
some  other  effective  means  to  collect  or  allay  dust  created  by  rock  drilling 
or  boring  machines  which  create  injurious  quantities  of  dust.   No  employee 
shall  use  any  drilling  machine  without  the  use  of  water  or  other  dust  preventa- 
tive.  Workmen  who  are  exposed  to  dusts,  metal  fumes,  and  smokes,  in  amounts 
above  established  limits,  shall  be  provided  with  proper  protective  devices. 
All  underground  working  places  shall  be  provided  with  an  adequate  quantity  of 
fresh  healthful  air.   Operators  shall  equip  chutes  from  which  dusty  ore  or 
rock  is  taken  with  efficient  sprinklers  or  other  devices  to  prevent  the  escape 
of  dust  into  the  air.   Mills,  ore  houses,  or  treatment  plants  where  dry  or 
dusty  ore  or  rock  is  handled  shall  be  supplied  with  clean  water  and  suitable 
sprinkling  equipment  which  shall  be  used  to  allay  dust,  or  equivalent 
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protection  shall  be  provided.   Rock  drills  shall  be  equipped  with  an  effective 
means  to  collect  or  allay  dust.   When  workmen  must  be  exposed  to  dust  or  fume 
hazards  for  only  short  periods  of  time,  they  shall  wear  U.S.  Bureau  of  Mines 
approved  respiratory  devices,  but  when  exposure  is  for  prolonged  periods, 
other  means  of  protection  must  be  taken. 

Requirements  of  the  Regulations  applicable  to  coal  mines  include  the  pro- 
visions of  the  Federal  Mine  Safety  Code  for  Bituminous -Coal  and  Lignite  Mines 
of  the  United  States,  Parts  I  and  II,  and  the  Code  of  the  Federal  Regulations 
of  the  United  States,  Title  30,  Parts  211  and  216. 

[ 
Arizona 

The  "Mining  Code  of  the  State  of  Arizona"  (15)  provides  for  a  State  mine 
dust  engineer  responsible  for  inspecting  each  mine  in  the  State  to  determine 
whether  or  not  a  hazardous  dust  condition  exists  therein  and  recommending 
methods  of  remedying  such  conditions.   A  hazardous  dust  condition,  as  defined 
by  law,  is  deemed  to  exist  where  the  breathing  zone  of  an  employee  while 
engaged  in  the  performance  of  his  work  contains  more  than  10  million  particles 
of  airborne  dust,  between  1  and  5  microns  in  largest  dimension,  per  cubic  foot 
of  air.   However,  if  the  free-silica  or  asbestos  content  of  such  airborne  dust 
does  not  exceed  10  percent,  a  dust  hazard  shall  not  be  deemed  to  exist  unless 
such  particles  exceed  100  million  per  cubic  foot  of  air.   The  State's  Mine 
Safety  Rules  require  that  all  drilling  in  open  pits  must  be  done  wet,  all 
holes  drilled  underground  must  be  collared  and  drilled  wet,  muck  piles  must 
be  wetted  down  before  moving,  and  sprinkling  devices  must  be  installed  at 
loading  pockets  and  chutes  to  prevent  the  escape  of  dust  into  the  air. 

Idaho 

The  Idaho  Safety  Code  (94)  recognizes  that  in  all  quartz  and  lode  mining 
there  is  a  silicosis  hazard  which  must  be  controlled.   A  dust  concentration  of 
10  million  particles  or  more  per  cubic  foot  of  air,  originating  from  any  rock 
formation  having  more  than  10  percent  by  weight  free  silica  (Si02  )  is  deemed 
prima  facie  injurious.   A  dust  concentration  of  50  million  particles  or  more 
per  cubic  foot  of  air,  originating  from  any  rock  formation  having  less  than 
10  percent  by  weight  free  silica  also  is  deemed  prima  facie  injurious.   Envi- 
ronmental atmospheres,  when  not  regulated  by  Idaho  statutes,  must  meet  stan- 
dards set  forth  by  the  American  Conference  of  Governmental  Industrial 
Hygienists. 

According  to  the  code,  every  working  place  where  dust  in  detrimental 
quantities  emanates  shall  be  supplied  with  water  for  the  purpose  of  preventing 
dust  from  arising.   In  every  mine,  mill,  rock  crushing  plant,  or  any  other 
operation  where  men  are  exposed  to  dust  or  fumes  in  harmful  quantities,  some 
mechanical  or  other  means  or  method  to  control  this  condition  must  be  used. 
Operators  must  furnish  rock  drilling  machinery  equipped  with  a  water  jet  or 
spray  or  other  means  equally  efficient  to  prevent  the  escape  of  dust;  it  is 
the  employee's  duty  to  use  said  appliance  for  the  prevention  of  dust.   When 
no  other  method  can  be  used  to  prevent  exposure  to  injurious  dust,  fumes,  or 
gas  concentrations,  personal  respiratory  protection  equipment,  approved  by 
the  U.S.  Bureau  of  Mines,  shall  be  used. 
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Michigan 

Minimum  standards  for  control  of  health  hazards  in  mining,  tunneling,  and 
other  underground  operations  (137 )  were  prepared  by  the  Division  of  Occupa-_ 
tional  Health,  Michigan  Department  of  Health,  in  cooperation  with  the  Division 
of  Industrial  Hygiene,  City  of  Detroit,  to  fill  the  need  of  contractors,  State 
and  local  governments,  and  others  involved  in  letting  contracts  for  under- 
ground operations.   The  standards  require  that  clean  air  be  supplied  to  all 
underground  areas  in  sufficient  quantity  to  prevent  the  buildup  of  toxic  dusts 
or  gases  to  concentrations  in  excess  of  maximum  allowable  concentrations,  as 
listed  annually  by  the  Michigan  Department  of  Health,  that  wet  drilling  equip- 
ment be  used  when  drilling  holes  in  rock  or  concrete,  and  that,  where  dry  rock 
or  other  material  is  being  handled,  the  muck  pile  shall  be  wetted  prior  to 
mucking  and  kept  wet  during  the  mucking  operation  in  order  to  control  dust. 

Act  264  of  the  Public  Acts  of  1967  ( 136 )  provides  for  the  inspection  of 
mines,  for  the  health  and  safety  of  persons  employed  in  and  about  mines,  for 
the  appointment  of  mine  inspectors,  and  creates  a  mine  safety  board  in  the 
Department  of  Labor.   The  act  requires  that  the  mine  safety  board  formulate 
rules  for  the  protection  of  life,  promotion  of  health  and  safety,  and  preven- 
tion of  accidents  in  the  metallic  and  nonmetallic  mine  industry  of  the  State. 
The  board  has  yet  to  adopt  the  said  rules. 

Montana 

The  "Minimum  Safety  Standards  for  Mining,  Quarrying,  Milling,  and  Smelter- 
ing  Operations  in  Montana"  ( 139 )  requires  that  every  enclosed  working  place  be 
sufficiently  well  ventilated  and  free  from  harmful  quantities  of  dust  or 
noxious  fumes;  that  the  maximum  allowable  concentrations  of  alpha  emitting 
decay  products  of  radon  should  not  exceed  300  micromicrocuries  per  liter  of  air 
or  other  limiting  quantity  as  established  by  the  U.S.  Bureau  of  Mines;  that 
rock  drilling  in  underground  mines  be  prohibited  unless  the  dust  is  controlled 
by  wet  drilling  or  other  approved  means  and  the  water  flow  is  maintained  con- 
tinuously whenever  the  drill  is  in  operation;  that  no  primary  blasting  be  done 
in  a  mine  during  the  working  shifts  unless  the  ventilation  currents  are 
arranged  to  minimize  circulation  of  dust,  smoke,  and  fumes  from  the  blast  in 
areas  where  other  men  are  working;  that  underground  muck  piles  be  wet  down 
before  mucking  begins  and  be  kept  wet  during  the  entire  mucking  operation  to 
control  the  dust,  if  dust  conditions  adverse  to  health  exist;  that  harmful 
dusts,  fumes,  and  mists  giving  rise  to  harmful  exposure  of  employees  be  con- 
trolled by  effective  means  such  as  general,  local,  or  pressure  ventilation; 
and  that  the  use  of  permissible  respiratory  protective  equipment  be  regarded 
as  emergency  protection  against  occasional  and/or  relatively  brief  exposure 
and  if  exposure  is  in  excess  of  1  hour  per  shift,  other  control  measures  be 
used. 

Nevada 

"Nevada  State  Mining  Laws,  1966  Edition"  (148)  requires  that  machinery 
for  drilling  holes  in  any  stope  or  raise  in  ground  that  causes  dust  from 
drilling  be  equipped  with  a  water  jet  or  spray  or  other  means  equally 
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efficient  to  prevent  the  escape  of  dust.   The  drilling  machine  appliance  for 
the  prevention  of  dust  must  be  used  when  the  machine  is  operated.   All  chutes 
from  which  dusty  ore  or  rock  is  taken  shall  be  equipped  with  a  sprinkler  or 
other  device  with  which  to  effectively  dampen  such  rock  or  ore  to  prevent  the 
escape  of  dust  during  removal.   Every  ore  house  where  dust,  ore,  or  rock  is 
sorted  shall  be  supplied  with  suitable  clean  water  which  shall  be  used  for 
allaying  the  dust.   There  shall  be  a  dust  control  program  for  enclosed  milling, 
crushing,  or  mineral  processing  operations.   Permissible  concentrations  of 
silica-bearing  dusts  in  any  milling,  crushing,  or  mineral  processing  opera- 
tions shall  be  designated  within  limits  as  follows: 

Million  particles  per 
cubic  foot  of  air 
Description  (0.5  to  5  microns  largest  dimension) 

High  (above  50  percent  free  silica) 5 

Medium  (5  percent  to  50  percent  free 

silica) 20 

Low  (below  5  percent  free  silica) 50 

New  Mexico 

The  "New  Mexico  Mine  Safety  Code  for  All  Mines,  Including  Opencut  and 
Open-pit"  ( 149 )  provides  for  a  dust  and  mine  gas  engineer.   He  performs  tasks 
assigned  by  the  State  mine  inspector,  with  special  attention  being  given  to 
testing  for  gas  in  mines  and  excavations  and  to  making  dust  counts.   The  code 
also  requires  that  in  underground  metal  mines,  machinery  for  drilling  or 
boring  holes  must  be  equipped  with  a  water  jet  or  spray  or  other  equally 
effective  means  for  allaying  dust,  that  in  the  sinking  of  shafts  drilling 
shall  be  done  wet,  and  that  every  plant  in  which  dry  or  dusty  ore  or  rock  is 
treated  shall  have  water  and  sprinkling  equipment  which  shall  be  used  for 
allaying  the  dust,  or  equivalent  protection  shall  be  provided. 

Oklahoma 

Section  8  of  Senate  Bill  No.  166  amended  Title  45  of  the  Oklahoma 
Statutes  1961,  Sec.  528  (150),  and  provided  that  in  coal  mines,  water  must  be 
used  on  cutter  bars  on  all  mining  machines  while  cutting  rock,  and  water  or 
an  approved  dust  collector  must  be  used  for  control  of  dust  from  rotary-roof 
or  rock  drills. 

Pennsylvania 

The  revised  "Bituminous  Coal  Mining  Laws  of  Pennsylvania"  ( 160-161 ) 
require  that  coal  dust  or  other  dust  in  suspension  in  unusual  quantities  be 
allayed  by  sprinkling  or  by  using  other  dust  allaying  or  collecting  devices, 
that  men  exposed  to  dust  for  short  periods  of  time  shall  wear  respiratory 
protective  equipment,  and  that  men  exposed  to  dust  for  prolonged  periods  shall 
have  protection  from  dust  by  use  of  approved  dust  collectors  or  dust  allaying 
methods. 
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South  Dakota 


The  "South  Dakota  Mine  Safety  Code  for  All  Mines  Including  Quarries  and 
Open-Pit"  (181  )  requires  that  underground  metal  mine  drilling  machines  be 
equipped  with  water  jets  or  sprays  sufficient  to  allay  dust  from  drilling  or 
that  other  equally  effective  means  be  used  to  prevent  the  inhalation  of  dust. 

Utah 

"General  Safety  Orders  Covering  Metal  and  Non-Metal  Mines,  Mills, 
Smelters,  Tunnels,  Quarries,  Gravel  Pits,  Etc.,  In  the  State  of  Utah"   (191) 
requires  that  wherever  drilling  or  other  operations  cause  excessive  quantities 
of  dust  in  the  working  atmosphere,  effective  dust  allaying  or  collecting  facil- 
ities shall  be  provided  to  keep  the  dust  content  at  or  below  accepted  thresh- 
old limit  values  or  maximum  acceptable  concentrations.   The  TLV  or  MAC  as 
given  in  the  last  report  of  the  American  Conference  of  Governmental  Industrial 
Hygienists,  or  some  other  nationally  recognized  authority,  will  be  used  as  a 
guide  in  establishing  acceptable  limits  of  concentrations.   When  a  workman  is 
exposed  to  toxic  or  irritating  dust,  gas,  or  fume  that  cannot  be  controlled  by 
practical  means,  he  shall  be  provided  with  and  wear  U.S.  Bureau  of  Mines 
approved  respiratory  equipment.   Blasting  underground  during  the  shift  should 
be  avoided,  but  when  blasting  is  done  before  the  end  of  the  shift,  working 
places  shall  be  cleared  of  smoke  and  dust  before  men  return.   The  working 
places  of  every  underground  uranium  mine  shall  be  provided  with  sufficient 
ventilation  to  maintain  radon-daughter  concentrations  at  acceptable  levels 
whenever  the  mine  is  being  operated.   The  atmospheric  concentration  of  radon 
daughters  where  men  work  should  not  exceed  300  micromicrocuries  per  liter  (WL) 
as  determined  by  the  field  method  detailed  in  U.S.A.  Standards  Institute 
N7. 1-1960  ( 187 ),  and  every  operator  shall  make  a  reasonable  effort  to  attain 
said  standard.   In  crushing,  screening,  and  processing  plants,  effective  dust 
control  measures  shall  be  taken  or  personal  protective  equipment  used  wherever 
employees  are  exposed  to  dust  in  excessive  quantities. 

"General  Safety  Orders  Utah  Coal  Mines"  ( 192 )  requires  that  a  pipeline 
system  shall  be  provided  for  wetting  the  rib,  roof,  and  floor  surfaces  for  a 
distance  of  at  least  40  feet  outby  the  face  of  each  working  place.   Where 
underground  mining  operations  raise  an  excessive  amount  of  dust  into  the  air, 
water,  water  with  a  wetting  agent  added  to  it,  or  other  effective  method  shall 
be  used  to  allay  such  dust  at  its  source.   Each  continuous-miner  section  shall 
be  ventilated  with  fresh  air  so  directed  that  the  dust  and  gas  created  by 
continuous-miner  operation  shall  be  diverted  away  from  the  operator.   A  coal 
breaker  shall  be  permitted  underground  if  adequate  dust  allaying  facilities 
are  provided.   Where  coal  is  dumped  at  or  near  intake  openings,  provisions 
shall  be  made  to  prevent  the  dust  from  entering  the  mine.   Men  exposed  for 
short  periods  to  gas,  dust,  fume,  and  mist  inhalation  hazards  shall  be  pro- 
vided with  and  wear  approved  respiratory  equipment.   When  the  exposure  would 
be  for  prolonged  periods,  other  measures  to  protect  or  reduce  the  hazard  shall 
be  taken. 
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Virginia 

The  "Mining  Laws  of  Virginia,  1966"  (194)  requires  that  where  mining 
operations  raise  an  excessive  amount  of  dust  into  the  air,  water  or  water  with 
a  wetting  agent  added  to  it,  or  other  effective  methods  shall  be  used  to  allay 
such  dust  at  its  source;  and  that  men  exposed  for  short  periods  to  gas-,  dust-, 
fume-,  and  mist-inhalation  hazards  shall  wear  permissible  respiratory  equip- 
ment, but  when  exposure  is  for  prolonged  periods,  other  measures  to  protect 
the  workmen  or  to  reduce  the  hazard  shall  be  taken. 

West  Virginia 

The  "Mining  Laws  of  West  Virginia,  1967"  ( 199)  requires  that  coal  dust 
and  other  dust  in  suspension  in  unusual  quantities  shall  be  allayed  by  sprin- 
kling or  using  other  dust  allaying  devices.   Where  coal  is  dumped  at  or  near 
air  intake  openings,  reasonable  provisions  shall  be  made  to  prevent  dust  from 
entering  the  mine.   Men  exposed  for  short  periods  to  gas-,  dust-,  fume-,  or 
mist-inhalation  hazards  shall  wear  permissible  respiratory  equipment,  but  when 
exposure  is  for  prolonged  periods,  dust  shall  be  controlled  by  the  use  of  per- 
missible dust  collectors,  or  water,  or  other  approved  methods. 

Wyoming 

The  "Wyoming  Non-Coal  Mining  Law,  1966"  (200)  requires  the  use  of  some 
mechanical  or  other  means  to  alleviate  conditions  where  dust  or  fumes  in 
harmful  quantities  result  from  mining,  milling,  or  processing  operations;  and 
the  use  by  personnel  of  such  protective  devices  as  are  furnished  by  the  opera- 
tor.  An  air  velocity  of  25  linear  feet  per  minute  must  be  maintained  in  each 
working  place.   The  end  of  ventilation  tubing  or  pipe,  when  used,  must  be  kept 
within  40  feet  of  the  face  of  working  places.   Operators  of  underground  mines 
must  test  the  mine  atmosphere  for  dangerous  gases  and  dust  at  sufficient 
intervals  to  warrant  safe  operation.   Each  operator  of  a  uranium  mine  or 
processing  plant  shall,  as  far  as  is  reasonably  possible,  maintain  conditions 
that  conform  to  the  requirements  of  U.S.A.  Standards  Institute  N7. 1-1960  (187 ) 
or  its  amendments,  and  make  radioactivity  surveys  at  intervals  recommended  by 
the  State  inspector  of  mines. 

CONTINUING  RESEARCH 

Federal  and  State  Government  agencies  (40,  106,  198 ),  technical  societies 
( 102) ,  universities  (152 ),  and  industrial  research  organizations  (34,  78,  88, 
171 )  conduct,  sponsor,  or  promote  research  related  to  dust  generation,  behav- 
ior, and  control.   Mining  companies  and  equipment  manufacturers  (2_1,  103)  con- 
duct research,  as  required,  for  resolving  dust  problems  specific  to  their  own 
operations. 
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IMPACT  OF   PETROLEUM   DEVELOPMENT   IN   THE   GULF  OF  MEXICO 

by 

L.  K.  Weaver,1    C.  J.  Jirik,  '  and  H.  F.  Pierce1 


ABSTRACT 

Bureau  of  Mines  investigated  the  progressive  impact  that  petroleum  (crude 
oil  and  condensate)  operations  in  the  Gulf  of  Mexico  have  had  on  onshore  oper- 
ations and  the  expected  effect  of  increasing  activities  in  this  area  on  future 
petroleum  supplies  from  domestic  sources.   The  data  analyzed  include  capital 
expenditures,  number  of  wells  drilled,  success  ratio  for  exploratory  wells, 
daily  production  per  completion,  annual  producing  rates,  and  oil  reserves. 
The  report  compares  offshore  and  onshore  data  and  ascertains  trends  in  petro- 
leum industry  operations. 

Observed  data  and  trends  indicate  that  in  the  near  future  Gulf  of  Mexico 
development  and  production  will  continue  to  increase  relative  to  total  U.S. 
petroleum  activity.   By  1975  annual  oil  and  condensate  production  from  the 
Gulf  of  Mexico  is  expected  to  be  in  the  range  of  750  million  bbl  to  1,150 
million  bbl,  and  account  for  approximately  20  to  30  pet  of  the  estimated  total 
domestic  production. 

INTRODUCTION 

Because  of  an  apparent  decreasing  reserve-to-production  ratio  and  declin- 
ing exploration  activity  onshore,  a  current  evaluation  of  petroleum  supply 
potential  in  the  offshore  areas  of  the  United  States  is  needed  to  anticipate 
the  possible  magnitude  of  this  new  supply  and  its  replacement  or  displacement 
of  onshore  production.   This  work  is  part  of  the  Bureau  of  Mines1  overall 
program  of  assessing  the  Nation's  petroleum  supplies.   The  purpose  of  this 
study  is  to  provide  basic  and  interpretive  data  for  aiding  Government  offi- 
cials in  making  decisions  relative  to  future  development  of  petroleum 
resources  in  Federal  offshore  areas. 

1Petroleum  engineer,  Dallas  Office  of  Mineral  Resources,  Bureau  of  Mines, 

Dallas,  Tex. 
2 
Only  data  for  the  Gulf  of  Mexico  are  analyzed  here  because,  to  1967,  develop- 
ment in  other  offshore  areas  adjacent  to  California  and  Alaska  has  been  in 
waters  chiefly  under  State  jurisdiction.   However,  oil  and  gas  production 
data  for  these  areas  are  included  in  appendix  A,  because  of  the  importance 
of  petroleum  development  in  offshore  areas  owned  by  the  States  of 
California  and  Alaska. 


After  ownership  and  jurisdiction  of  the  natural  resources  of  the  seabed 
of  the  Outer  Continental  Shelf  (OCS)  were  defined  by  the  Submerged  Lands  Act 
in  May  1953  and  the  Outer  Continental  Shelf  Lands  Act  in  August  1953,  leasing 
and  development  in  the  Gulf  of  Mexico  accelerated.   There  was  a  shift  in 
petroleum  activity  from  onshore  United  States  to  offshore.   Since  1956  there 
has  been  a  trend  to  smaller  total  expenditures  for  drilling  and  equipping 
wells  in  the  United  States,  but  the  percentage  of  the  total  spent  offshore 
has  increased  from  about  7  pet  in  1956  to  17  pet  in  1965  (2).    Crude  oil  and 
condensate  production  from  the  Gulf  of  Mexico  has  increased  from  less  than  1 
pet  of  the  total  domestic  production  in  1954  to  about  8  pet  in  1966.   Gulf  of 
Mexico  production  accounted  for  about  30  pet  of  the  increase  in  total  domestic 
production  during  this  period.   Approximately  50  pet  of  the  cumulative 
increase  in  total  U.S.  liquid  hydrocarbon  reserves  (about  5  billion  bbl)  from 
1955  through  1966  was  from  offshore  Louisiana  (1_4).   Water  depths  of  producing 
tracts  have  increased  progressively  to  about  350  ft  (South  Pass  Block  62  field) 
and  distances  from  shore  have  increased  to  about  70  miles  (Vermilion  Block 
245  field). 

Time  lags  between  leasing,  drilling,  and  significant  production  opera- 
tions, attributable  to  different  reasons,  make  forecasts  of  offshore  petroleum 
supplies  uncertain:   for  example,  periods  of  nearly  5  years  between  lease  date 
and  discovery  date  of  a  field  and  10  years  between  discovery  date  and  the  date 
of  first  significant  commercial  production.   Despite  these  variations,  however, 
a  definite  trend  in  Gulf  of  Mexico  oil  and  condensate  production  has  been 
established  (1956-66). 

Increased  petroleum  production  from  the  Gulf  of  Mexico  has  changed  the 
traditional  supply  patterns  by  displacement  of  possible  onshore  production, 
principally  in  Texas  and  Louisiana,  which  have  significant  shut-in  productive 
capacity.   Oil  industry  activities,  including  leasing,  geophysical  exploration, 
and  drilling,  along  with  the  reserves  developed  as  a  result  of  these  activi- 
ties, were  considered  in  estimating  future  sources  of  supply.   Another  factor 
considered  in  estimating  probable  future  production  is  the  rate  of  technology 
increase  necessary  to  advance  into  deeper  water.   The  design  of  drilling  and 
production  platforms  that  can  withstand  violent  weather  conditions,  underwater 
completion  methods,  and  the  installation  and  operation  of  large-diameter  pipe- 
lines on  the  sea  floor  are  challenges  that  are  being  met  by  increased  technol- 
ogy.  On  the  basis  of  past  offshore  experience  and  opinions  of  industry  manage- 
ment, the  depth  of  water  in  which  drilling  and  production  operations  may  be 
performed  will  be  limited  by  economics  rather  than  technology. 

A  recent  study  summarized  the  relevant  data  on  leasing,  drilling,  and 
production  operations  related  to  oil  and  gas  in  the  offshore  areas  contiguous 
to  the  United  States  from  1953  through  1965,  and  includes  those  areas  primar- 
ily under  Federal  administration.4   This  report  presents  additional  information 

3Underlined  numbers  in  parentheses  refer  to  items  in  the  list  of  references 
preceding  the  appendixes. 
U.S.  Department  of  the  Interior.   Petroleum  Production,  Drilling  and  Leasing 
on  the  Outer  Continental  Shelf.   May  1966,  20  pp. 


and  an  analysis  of  the  leasing,  drilling,  and  production  operations  to  fore- 
cast the  source  and  availability  of  future  supplies  of  petroleum. 
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HISTORY  AND  IMPACT  OF  OFFSHORE  DEVELOPMENT 

The  first  oil  drilled  (March  1938)  in  the  open,  unprotected  water  of  the 
Gulf  of  Mexico  was  in  the  area  which  became  known  as  the  Creole  field,  about 
1%  miles  from  the  coastline  of  Louisiana.   Significant  development  of  offshore 
hydrocarbon  deposits,  however,  did  not  commence  until  November  1947  when  the 
Ship  Shoal  Block  32  field  was  found  about  12  miles  from  the  Louisiana  coast- 
line.  The  first  discovery  offshore  Texas,  made  in  October  1949  on  State  Lease 
245,  is  still  listed  as  a  shut-in  gas -condensate  well.   Widespread  development 
of  the  hydrocarbon  resources  in  the  Gulf  of  Mexico  did  not  begin  until  after 
the  Submerged  Lands  Act  and  the  Outer  Continental  Shelf  Lands  Act  were  passed 
in  1953.   In  spite  of  the  costly  and  difficult  problems  of  operating  offshore, 
such  as  water  depth,  adverse  weather,  and  long  distances  from  shore,  there  has 
been  a  rapid  movement  to  offshore  provinces.   Two  reasons  for  the  shift  to  the 
Gulf  of  Mexico  are  the  success  ratios,  presented  in  figure  1,  and  the  reserves 
found  (14).   Except  for  1962,  the  success  ratio  for  exploratory  wells  drilled 
offshore  (1_)  has  been  higher  than  the  onshore  U.S.  ratio.   From  1953  to  1967, 
the  average  success  ratio  for  exploratory  wells  drilled  in  the  Gulf  of  Mexico 
was  26  pet,  compared  with  a  ratio  for  onshore  United  States  of  about  18  pet. 

From  1955  through  1966,  the  cumulative  production  of  crude  oil  and  con- 
densate from  offshore  Louisiana  was  approximately  1.3  billion  bbl.   Simulta- 
neously, there  was  a  2. 35-billion-bbl  cumulative  increase  in  the  liquid  hydro- 
carbon reserve,  which  amounted  to  about  50  pet  of  the  total  U.S.  increase. 

In  1967  about  47  pet  of  all  active  mobile  offshore  rigs  in  the  world  and 
57  pet  of  all  fixed-platform  rigs  were  operating  in  the  Gulf  of  Mexico  (3). 
Domestic  capital  expenditures  (fig.  2)  (7)  remained  around  $6  billion  per  year 
from  1956  through  1965  and  the  amount  spent  for  drilling  and  production  ranged 
generally  from  50  to  60  pet  of  this  amount.5  The  yearly  amounts  spent  on 

bAll  money  data  have  been  converted  to  constant  dollars  using  price  deflators 
(1958  =  100)  for  the  gross  national  product. 
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completing  oil  and  gas  wells 
also  are  shown  in  figure  2. 
Generally,  since  1-956  indus- 
try has  trended  to  smaller 
annual  amounts  spent  com- 
pleting oil  and  gas  wells 
(2_),  but  the  percentage  of 
this  amount  spent  offshore 
has  increased  steadily  from 
less  than  1.0  pet  of  the 
total  in  1953  to  about  17.0 
pet  in  1965.   Capital  expend- 
iture categories  include 
drilling  and  production, 
refining,  petrochemicals, 
marketing,  natural  gas  pipe- 
lines, crude  products  pipe- 
lines, other  transportation, 
and  miscellaneous.   Comple- 
tion expenditures  include 
all  amounts  for  platforms, 
drilling  costs,  and  the  cost 
for  casing,  tubing,  and  well- 
head fittings,  and  do  not 
include  the  cost  of  artifi- 
cial lift  equipment  or  any 
lease  facilities. 


The  rotary  rig  count 
for  the  United  States  (8) 
has  declined  steadily  from 
2,687  active  rotary  rigs  in 
1955  to  1,135  in  July  1967. 
Over  240  rotary  rigs  were 
liquidated  during  1967,  the 
fifth  consecutive  year  that 
over  200  rigs  (all  onshore) 
had  been  liquidated  by  vari- 
ous drilling  companies. 
While  the  number  of  land 
rigs  continues  to  decrease, 
that  of  offshore  rigs  increased.   After  the  passage  of  the  Submerged  Lands  Act 
in  1953,  several  new  companies  were  incorporated  specifically  to  engage  in 
offshore  drilling,  and  other  established  companies  acquired  offshore  drilling 
equipment.   For  example,  the  74  active  units  in  the  Gulf  of  Mexico  in  1960  had 
increased  to  97  by  1967  (6_)  (table  1).   While  this  increase  is  not  comparable 
numerically  with  the  large  decrease  in  land  rigs,  it  does  represent  a  substan- 
tial capital  investment:   An  offshore  drilling  unit  can  cost  as  much  as  10 
times  that  of  a  comparable  land  unit. 
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FIGURE  1. 


Exploratory  Wells  Drilled  Offshore  and 
Onshore,  and  a  Comparison  of  the  Off- 
shore Success  Ratio  With  the  Onshore 
U.S.  Ratio,  1953-67. 
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FIGURE  2.  -  Domestic  Capital  Expenditures  and  Expenditures  for  Completing  Wells,  1953-65. 


TABLE  1   -  Total  U.S.  onshore  and  Gulf  of  Mexico  offshore  rig  count', 
July  1959  to  July  1967 


Number  of  offshore  mobile  rigs 

Number  of 

offshore 

floating 

Number  of 

offshore 

drilling 

Total 
number  of 
offshore 

Total 

number  of 

U. S.  -onshore 

Date 

Maximum  water  depth,  feet 

0-99 

100-149 

150-199 

200-249 

250-300 

units 

tenders 

rigs 

rotary  rigs 

7/1/59 

12/31/59 

12/31/60 

12/31/61 

12/31/62 

31 
31 
31 
27 
31 

10 

10 
9 
9 
9 

2 
2 

1 
1 

4 
2 

5 

(1/) 
(1/) 

34 
(1/) 

28 

(1/) 
(1/) 

74 

(1/) 

77 

1,923 
2,074 
1,746 
1,763 
1,637 

12/31/63 
12/31/64 
12/31/65 
12/31/66 

30 
30 
31 
31 

10 

8 
4 
5 

2 

3 

7 

11 

2 
2 

4 
4 
6 
7 

6 
6 
8 
8 

(1/) 
42 
47 
29 

(1/) 

93 
105 

93 

1,501 
1,502 
1,388 
1,270 

7/1/67 

31 

6 

13 

2 

7 

9 

29 

97 

1,135 

1/  Data  not  available. 

Sources:   Louisiana  Offshore  Oil  Scouts  Association.   Status  of  the  Louisiana  Offshore  Oil 
Industry--Statistical  Review  of  Events,  1959-67.   The  Oil  and  Gas  Journal. 
Annual  Review- -Forecast  Issue,  1959-67. 

The  progressive  impact  that  offshore  activity  has  had  on  onshore  geophysical  explora- 
tion, drilling,  and  crude  oil  and  condensate  production  is  shown  in  figure  3.   In  this 
report  a  well  is  defined  as  a  hole  drilled  for  the  purpose  of  establishing  production  (oil 
and  gas  and  dry).   A  well  may  have  one  or  more  separate  completions,  each  for  the  purpose 
of  producing  hydrocarbons  from  a  separate  reservoir  to  the  surface.   During  1956,  the 
record  year  for  the  number  of  wells  drilled  in  the  United  States,  over  57,500  onshore 
wells,  totaling  nearly  229  million  ft,  were  drilled.   In  1966  the  number  of  onshore  wells 
had  decreased  to  approximately  35,850  with  a  total  footage  of  150  million  ft.   In  contrast, 
in  1955  over  400  wells  were  drilled  offshore  in  the  Gulf  of  Mexico  with  a  total  footage 
just  under  4  million  ft.   In  1966  the  number  of  offshore  wells  drilled  had  increased  to 
over  1,160  with  footage  totaling  over  11  million  ft. 

Exploratory  wells  are  those  that  are  drilled  in  an  attempt  to  find  new  and  as  yet 
undisclosed  hydrocarbon  deposits  or  that  are  searching  for  long  extensions  of  fields 
already  partially  developed.   To  make  a  comparison  between  onshore  and  offshore,  the 
following  data  are  available: 

1.  In  1957,  of  the  onshore  wells  drilled,  14,540  were  exploratory  wells  having  a 
total  footage  of  approximately  67  million  ft;  in  addition,  165  exploratory  wells  totaling 
over  1.8  million  ft  were  drilled  in  the  Gulf  of  Mexico. 

2.  By  1967  the  number  of  onshore  exploratory  wells  drilled  in  the  United  States  had 
decreased  to  8,685  and  the  footage  had  decreased  to  45  million  ft.   In  1967,  in  the  Gulf  of 
Mexico,  374  exploratory  wells  totaling  over  4  million  ft  were  drilled. 


3.   Onshore  crude  oil  and  condensate  production  had  an  average  growth  rate  of  1.5  pet 
per  year  from  1954  through  1966  while  the  average  offshore  rate  was  26  pet  per  year. 
Approximately  30  pet  of  the  increase  in  domestic  production  (onshore  plus  offshore)  in 
this  period  was  from  wells  in  the  Gulf  of  Mexico.   The  impact  of  crude  oil  and  condensate 
production  from  the  Federal  area  in  the  Gulf  of  Mexico  is  shown  in  table  2.   This  produc- 
tion has  increased  from  about  0.1  pet  of  the  U.S.  total  in  1954  to- over  6.0  pet  in  1966. 
In  the  same  time  interval  Texas  production  decreased  from  42.1  to  34.9  pet  of  the  U.S. 
total  and  Louisiana  production  (including  zone  1  and  inside  the  Chapman  line  offshore) 
increased  from  10.5  to  16.1  pet  of  the  U.S.  total. 
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FIGURE  3.  -  Geophysical  Exploration,  Drilling,  and  Crude  Oil  and  Condensate  Production 
Histories  of  Onshor«  United  States  and  Gulf  of  Mexico,  1954-66. 
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Table  3  shows  the  interstate  refinery  receipts  of  domestic  crude  from 
Louisiana  to  Texas  and  Mississippi,  and  the  receipts  from  all  States  to  Texas. 
Nearly  all  of  the  amount  shown  going  from  Louisiana  to  Mississippi  is  offshore 
crude.   A  20-in  line  from  Ostrica,  La.,  to  Pascagoula,  Miss.,  moves  offshore 
crude  oil  to  the  1 05, 000 -bbl- per- stream- day  capacity  refinery  completed  in 
1963.   Feedstock  for  an  ammonia  plant  completed  in  1967  at  the  Pascagoula  com- 
plex is  supplied  by  a  12-in  gas  line  from  offshore  Louisiana. 

In  1966  approximately  85  pet  of  the  interstate  receipts  from  all  States  to 
Texas  was  from  Louisiana,  and  nearly  all  of  the  Louisiana  crude  was  from  south 
and  offshore  Louisiana.   A  large  percentage  of  the  interstate  receipts  to 
Texas  from  Louisiana  is  through  a  22-in  line  carrying  south  and  offshore 
Louisiana  crude  oil.   Most  of  the  interstate  crude  oil  moved  to  Texas  by  barge 
and  tanker  (shown  in  table  3)  is  from  south  and  offshore  Louisiana  (a  break- 
down is  not  available).   The  destination  of  offshore  crude  oil  and  condensate 
is  flexible  and  changes  as  the  demand  changes.   In  the  future  a  major  portion 
of  the  offshore  crude  oil  now  moved  by  tanker  and  barge  to  Texas  probably  will 
be  diverted  to  the  Great  Lakes  area  in  the  new  40- in  crude  oil  line  (Capline) 
from  St.  James,  La.,  to  Patoka,  111. 

Pipelines  from  south  and  offshore  Louisiana  also  move  crude  oil  to 
refinery  complexes  in  the  Lake  Charles,  Baton  Rouge,  and  New  Orleans  areas. 


TABLE  3.  -  Rej 

linery  receipts  of 

domestic  crude, 

thousand  bbl 

Interstate  receipts 

Year 

From 
Louisiana 

From 

all  States  to 

Texas 

T°     1/ 
Mississippi-i' 

To 

Tank  car  and 

Tanker  and 

Texas 

Pipeline 

truck 

barge 

1966 

45,121 

209,915 

130,490 

49 

122,886 

1965 

42,415 

186,078 

123,257 

- 

105,779 

1964 

38,657 

171,482 

125,312 

1 

89,865 

1963 

10,764 

168,499 

129,649 

12 

91,988 

1962 

295 

151,675 

134,841 

13 

76,609 

1961 

311 

123,660 

130,637 

12 

59,572 

1960 

354 

124,507 

120,484 

12 

64,789 

1959 

319 

98,875 

119,748 

15 

44,008 

1958 

239 

85,009 

105,794 

- 

55,699 

1957 

126 

71,253 

96,947 

- 

40,170 

1956 

- 

63,230 

96,162 

21 

41,053 

1955 

232 

56,826 

94,430 

- 

33,557 

1954 

- 

61,087 

84,800 

25 

30,877 

1/  Pric 

r  to  1963  Alabar 

na  and  M 

Lssissippi 

data  were  com 

bined. 

10 


A  study  of  the  undeveloped  acreage  under  lease  held  by  the  oil  industry 
also  shows  a  movement  to  the  Gulf  of  Mexico.   Onshore  holdings  have  decreased 
steadily  from  about  400  million  acres  in  1960  to  about  300  million  acres  by 
January  1,  1968.   In  this  time  interval,  the  offshore  acreage  had  increased 
from  a  minor  amount  to  about  1  million  acres. 

Shipyards  have  ever- increasing  orders  for  offshore  mobile  and  floating 
rig  units,  pipe-laying  barges,  and  all  types  of  equipment  to  transport  labor, 
material,  and  petroleum  to  and  from  offshore  areas.   The  Petroleum  Equipment 
Suppliers  Association  (4)  reported  that  by  1966  over  20  pet  of  their  equipment 
and  service  sales  was  for  offshore  operations.   Less  than  10  years  ago  the 
offshore  segment  of  their  business  amounted  to  less  than  10  pet. 

STATUS  OF  OWNERSHIP  OF  OFFSHORE  RESOURCES 

The  controversy  over  ownership  of  the  natural  resources  in  the  submerged 
lands  seaward  of  State  boundaries  began  in  the  1920's.   At  that  time  the 
State  of  California  issued  oil  and  gas  leases  on  certain  submerged  lands  in 
the  Santa  Barbara  Channel.   Subsequent  to  development  of  oil  production  off- 
shore California,  the  Federal  Government  received  applications  for  oil  and  gas 
rights  under  the  Mineral  Leasing  Act  of  1920.   Starting  in  1937,  unsuccessful 
attempts  were  made  to  pass  legislation  defining  the  State  and  Federal  rights 
in  submerged  lands.   In  September  1945  the  President  issued  proclamation 
No.  2667  stating  the  Federal  Government's  jurisdiction  and  control  of  the 
natural  resources  of  the  subsoil  and  seabed  of  the  Continental  Shelf.   Execu- 
tive Order  No.  9633,  issued  simultaneously,  placed  the  natural  resources  of 
the  Continental  Shelf  under  the  administrative  jurisdiction  of  the  Secretary 
of  the  Interior.   On  June  23,  1947,  the  U.S.  Supreme  Court  ruled  against  the 
State  of  California  holding  that  California  was  not  the  owner  of  the  3-mile 
zone  of  submerged  lands  adjacent  to  its  coast,  and  that  the  Federal  Government 
rather  than  the  State  had  paramount  rights  in  the  submerged  lands  of  the  open 
sea.   This  decision  (332  U.S.  19)  meant  that  the  Federal  Government  owned  the 
resources,  including  hydrocarbons. 

On  June  5,  1950,  the  Supreme  Court  ruled  to  the  same  effect  on  submerged 
lands  off  Texas  (339  U.S.  707)  and  Louisiana  (339  U.S.  699). 

Following  these  Supreme  Court  decisions,  the  83d  Congress  passed  H.  R.  4198 
(identified  as  the  Submerged  Lands  Act),  signed  into  law  as  Public  Law  31  by 
the  President  on  May  22,  1953.   The  purpose  of  the  Act  is  described  in  its 
title  as  follows : 

To  confirm  and  establish  the  titles  of  the  States  to  lands 
beneath  navigable  waters  within  State  boundaries  and  to  the 
natural  resources  within  such  lands  and  water,  to  provide 
for  the  use  and  control  of  said  lands  and  resources,  and  to 
confirm  the  jurisdiction  and  control  of  the  United  States 
over  the  natural  resources  of  the  seabed  of  the  Continental 
Shelf  seward  of  State  boundaries. 
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The  Act  moved  the  boundary  between  Federal  and  State  jurisdiction  from 
the  ordinary  low-water  mark  and  the  seaward  limits  of  inland  waters  to  the 
seaward  boundaries  of  the  States.   The  seaward  boundary  of  the  States  was 
established  at  a  distance  of  3  geographic  miles  from  the  coastline  except  off- 
shore Florida  and  Texas,  and  there  3  leagues  (9  geographical  miles  or  approxi- 
mately 10.3  statute  miles)  from  the  coastline.   These  were  the  boundaries  of 
the  States  at  the  time  the  State  entered  the  Union  or  as  approved  by  Congress 
prior  to  the  passage  of  the  Act. 

On  September  26,  1953,  the  State  of  Alabama  filed  suit  in  the  Supreme 
Court  to  test  the  constitutionality  of  the  Submerged  Lands  Act,  and  on  March  15, 
1954,  the  Court  denied  the  motion.   An  action  was  started  December  19,  1955, 
by  the  United  States  against  the  State  of  Louisiana  to  establish  its  right  to 
the  minerals  underlying  the  Gulf  of  Mexico  beyond  3  geographical  miles  from 
the  coastline  of  Louisiana  and  extending  to  the  edge  of  the  Outer  Continental 
Shelf.   Also,  an  accounting  was  requested  for  any  sums  of  money  derived  by  the 
State  from  that  area  after  June  5,  1950.   On  October  12,  1956,  the  United 
States  and  the  State  of  Louisiana  entered  into  an  interim  agreement  that 
divided  the  submerged  lands  into  four  zones  with  reference  to  the  Chapman  line 
as  shown  in  figure  4.   The  Chapman  line,  named  after  a  former  Secretary  of  the 
Interior,  was  intended  to  represent  the  ordinary  low-water  mark  and  the  sea- 
ward limits  of  inland  waters  along  the  coast  of  Louisiana.   Since  the  Louisiana 
coastal  charts  were  based  mostly  on  1933  surveys,  the  line  was  not  definite 
and  was  understood  at  the  time  to  be  subject  to  modification.   Zone  1  was  the 
seaward  area  within  3  geographic  miles  of  the  Chapman  line;  zone  2  was  the 
area  from  the  seaward  limit  of  zone  1  to  3  marine  leagues  from  the  Chapman 
line;  zone  3  was  the  area  from  the  seaward  limit  of  zone  2  to  the  seaward 
boundary  line  of  the  State  of  Louisiana  fixed  by  Act  33  of  the  1954  Louisiana 
Legislature  (called  the  "Coast  Guard  Line"),   and,  zone  4  was  the  area  extend- 
ing seaward  of  zone  3. 

Zones  2  and  3  were  designated  as  the  areas  in  dispute  and  all  income  from 
existing  and  future  leases  in  the  zones  was  to  be  impounded  in  an  escrow  fund 
until  final  disposition  of  the  ownership  question.   The  Department  of  the 
Interior  was  authorized  to  grant  leases  in  zones  2  and  3. 

On  May  31,  1960,  the  Supreme  Court  delivered  the  opinion  that  Texas 
(fig.  5)  and  Florida  are  entitled  to  rights  in  the  submerged  lands  extending 
for  a  distance  in  the  Gulf  of  Mexico  of  3  leagues  from  their  coastlines,  and 
that  Louisiana,  Mississippi,  and  Alabama  are  entitled  to  rights  extending  no 
more  than  3  geographic  miles  from  their  coastlines.  The  Court  denied  a 
request  for  rehearing  on  October  10,  1960,  and  on  December  12,  1960,  entered 
its  final  decree  for  all  five  Gulf  States. 


'The  Coast  Guard  Line  was  established  under  regulations  promulgated  by  the 
Commandant  of  the  Coast  Guard,  pursuant  to  an  1895  law,  to  define  the 
limits  of  inland  waters  for  navigational  purposes.   In  1954  a  Louisiana 
Statute  was  enacted  establishing  the  Boundary  of  the  State  at  3  leagues 
seward  of  this  line. 


12 


\  ^ 

is                  ° 

g      1          N         M 

^n? 

!  1 4 

J      |         |         5            o 

!  N  - 

i  y 

0il 

\X_ 

Q 

I  ir 

^lPX 

j 

g 

13 


14 


A  supplemental  decree  rendered  by  the  Court  December  13,  1965,  awarded 
certain  disputed  areas  shown  in  figure  4  to  Louisiana  by  moving  parts  of  the 
Chapman  line  seaward.   The  decree  also  moved  the  seaward  limit  of  zone  3  from 
3  leagues  to  3  geographical  miles  from  Louisiana's  claimed  coastline.   The 
acres  in  zones  1,  2,  3,  and  4  as  of  October  12,  1956,  and  December  13,  1965, 
are  as  follows : 


Zone  1 


Zone  2 


Zone  3 


Zone  4 


Oct.  12,  1956, 
Dec.  13,  1965, 


930,640 
1,083,340 


1,833,185 
1,388,153 


2,848,056 
1,465,991 


11,212,568 


Impounded  funds  in  the  amount  of  $34,547,227.42,  obtained  from  bonuses, 
rentals,  royalties,  and  severance  taxes,  were  released  to  the  State.   Also, 
the  decree  released  to  the  Federal  Government  the  impounded  fund  (estimated 
to  be  $190,000,000)  for  leases  in  the  area  beyond  3  geographical  miles  seaward 
of  the  State  of  Louisiana  coastline  defined  by  Act  33  of  1954. 

The  approximate  conventional  edge  of  the  0CS  is  shown  by  the  600- ft  water- 
depth  line  in  figures  4  and  5.   Although  the  exact  limit  of  the  0CS  is  not 
defined  by  the  Act,  generally  it  is  meant  to  be  the  point  where  the  continen- 
tal slope  leading  to  the  ocean  bottom  assumes  a  greater  angle.   This  is  where 
the  water  is  654  ft  (200  meters)  deep,  but  leases  may  be  issued  for  any  depth 
water  where  exploration  and  production  are  possible. 

The  0CS  Lands  Act  became  effective  on  August  7,  1953,  when  H. R.  5134  of 
the  83d  Congress  was  signed  into  law  as  Public  Law  212.   The  purpose  of  the 
Act  is  defined  in  the  title  as  follows: 

To  provide  for  the  jurisdiction  of  the  United  States  over 
the  submerged  lands  of  the  Outer  Continental  Shelf  and 
authorizes  the  Secretary  of  the  Interior  to  lease  such 
lands  for  certain  purposes. 

The  Outer  Continental  Shelf  comprises  that  part  of  the  Continental  Shelf 
which  lies  seaward  of  the  portion  of  the  submerged  lands  along  the  coast  of 
the  United  States  which  Congress  granted  to  the  adjacent  coastal  States  in 
1953. 

The  responsibility  for  administering  the  leasing  and  operating  regula- 
tions pertaining  to  OCS  mineral  resources  was  delegated  to  the  Bureau  of  Land 
Management  (BLM)  and  the  U.S.  Geological  Survey  (USGS).   The  leasing  proce- 
dures and  terms  as  outlined  in  Section  8  of  Public  Law  212  are  summarized  in 
appendix  B. 


Leases  that  had  been  issued  seaward  of  the  State  boundaries  (as  defined 
in  the  OCS  Lands  Act)  were  validated  in  accordance  with  Public  Law  212,  and 
will  be  referred  to  in  this  report  as  validated  State  leases. 
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FEDERAL  LEASING  IN  THE  GULF  OF  MEXICO 

Prices  Paid  for  Oil  and  Gas  Leases 

To  July  1967  a  total  of  16  oil  and  gas  lease  sales,  two  sulfur  sales,  and 
one  salt  sale  had  been  held  for  acreage  in  the  Gulf  of  Mexico.   Only  the  oil 
and  gas  sales  will  be  discussed  in  this  report;  a  summary  of  the  rentals, 
royalty,  and  bonus  data  for  the  16  oil  and  gas  leases  is  shown  in  table  4. 
The  two  types  of  oil  and  gas  lease  sales  are  the  nominated  and  drainage  sales. 
Nominated  lease  sales  are  held  because  of  requests  by  industry  for  certain 
tracts  for  exploration  and  possible  development.   Drainage  sales  are  held  to 
develop  certain  tracts  to  prevent  movement  of  hydrocarbons  across  boundary 
lines.   Leases  for  tracts  in  both  the  nominated  and  the  drainage  sales  are 
awarded  to  the  highest  qualified  bidder  complying  with  all  regulations.   A 
minimum  bid  of  $15  per  acre  (except  $10  per  acre  for  one  offshore  Florida  sale 
and  $25  per  acre  for  the  May  1968  offshore  Texas  sale)  has  been  established  by 
the  Secretary  as  a  part  of  the  lease  terms  in  the  nominated  OCS  lease  sales. 
All  drainage  lease  sales  have  had  a  minimum  bid  price  of  $25  per  acre.   All 
minimum  bid  prices  are  established  only  to  eliminate  nuisance  bids,  not  to 
indicate  the  value  of  the  leases.   The  minimum  accepted  bid  is  determined  by 
the  BLM  on  the  basis  of  economic,  geologic,  and  engineering  data.   On  several 
occasions,  bids  above  the  minimum  price  have  been  rejected  by  the  BLM  because 
they  determined  the  tracts  to  be  more  valuable  than  the  price  bid.   Annual 
minimum  royalty  for  leases  obtained  in  nominated  lease  sales  is  $3  per  acre, 
or  one-sixth  of  the  gross  value  of  production,  whichever  is  greater,  and  $10 
per  acre  or  one-sixth  of  the  gross  value  of  production  for  drainage  lease 
sales.   The  annual  rental  for  nondrainage  leases  has  been  $3  per  acre,  and  $10 
per  acre  for  drainage  lease  sales,  with  the  exception  of  the  October  1966 
drainage  sale,  which  had  both  a  minimum  royalty  and  rental  rate  of  $5. 

The  first  Federal  lease  sale  held  after  the  passage  of  Public  Laws  31  and 
212  was  a  nomination  oil  and  gas  sale  offshore  Louisiana  on  October  13,  1954. 
Approximately  400,000  acres  was  leased  for  an  average  price  of  about  $295  per 
acre.   To  January  1,  1968,  there  have  been  six  nominated  oil  and  gas  lease 
sales  offshore  Louisiana.   In  each  sale,  March  1962  (includes  March  13  and 
March  16  sales  )  being  an  exception,  the  average  per-acre  cash  bonus  paid 
increased.   The  average  bonus  dropped  to  $237  in  March  1962  when  about  1.9 
million  acres  was  leased  for  over  $445  million.   In  July  1955  about  250,000 
acres  was  leased  for  an  average  of  $396  per  acre;  in  February  1960  about 
460,000  acres  for  an  average  of  $532  per  acre;  and  in  June  1967  about  740,000 
acres  for  an  average  of  $685  per  acre.   These  average  bonuses  are  shown  in 
both  1958  constant  dollars  and  current  dollars  in  figure  6.   An  average  bonus 
of  $348  per  acre  was  paid  for  the  first  acreage  offshore  Texas.   But,  after 
unsuccessful  exploration  ventures  on  those  tracts,  the  average  per-acre 
bonuses  were  $56  in  1955,  $149  in  1960,  and  $19  in  1962.   Owing,  at  least  in 
part,  to  increased  technology  in  seismic  exploration,  the  average  per-acre 
bonus  increased  to  about  $1,100  per  acre  in  1968. 
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To  January  1,  1968,  a  total  of  1,061  tracts  covering  about  4.6  million 
acres  (including  the  drainage  sales)  had  been  leased  by  the  Federal  Government. 
The  overall  average  bonus  per  acre  has  been  $140  for  Texas  offshore,   compared 
with  $454  for  offshore  Louisiana  ($380  excluding  drainage  sales).   The  only 
lease  sale  offshore  Florida  was  in  1959  and  the  average  per-acre  bonus  bid  was 
under  $13.   To  1968  industry  had  invested  about  $1.87  billion  as  initial  bonus 
for  acquisition  of  leases  in  the  Federal  offshore  area  of  Texas,  Louisiana, 
and  Florida,  for  an  average  of  $408  ($342  excluding  drainage  sales)  per  acre. 
Including  the  1968  Texas  sale  the  total  initial  bonus  paid  was  $2.46  billion. 

There  have  been  five  drainage  lease  sales  in  the  Gulf  of  Mexico  (all 
offshore  Louisiana)  to  allow  sufficient  development  of  certain  fields  to 
prevent  movement  of  hydrocarbons  from  adjacent  unleased  parcels  to  producing 
tracts.   These  have  been  much  smaller  in  acreage  than  nominated  lease  sales, 
but  have  yielded  a  much  higher  average  bonus  per  acre  (fig.  6).   These  tracts 
understandably  bring  the  highest  average  bonus  per  acre  because  drilling  and 
development  usually  proves  them  to  be  commercially  productive.   To  1968  only 
about  10  pet  of  the  leases  on  these  tracts  had  expired  or  been  relinquished. 

The  highest  bonus  per  acre  for  a  single  tract  leased  since  1954  was 
$10,490.40  for  a  1,250-acre  parcel  that  was  a  southwest  extension  of  the 
Timbalier  Bay  field.   The  five  drainage  sales  represent  approximately  6  pet 
of  the  total  acreage  leased  offshore  Louisiana  (Federal  OCS),  and  bonus 
revenue  has  been  about  20  pet  of  the  total  from  all  offshore  leases. 

Table  5  presents  a  summary  of  Federal  oil  and  gas  lease  bonuses,  minimum 
royalties,  rentals,  shut-in  gas  payments,  and  royalty  value  of  crude  oil, 
condensate,  and  gas  from  1953  through  1966.   Minimum  royalties  and  shut-in 
gas  payments  are  made  when  commercial  amounts  of  crude  oil  or  gas  have  been 
proven,  but  are  not  being  produced.   Shown  also  is  the  royalty  value  of  crude 
oil,  condensate,  and  gas  produced  from  the  Federal  area  of  the  Gulf  of  Mexico. 
The  combined  annual  royalty  value  of  these  hydrocarbons  has  increased  from 
$967,892  in  1953  to  $132,849,922  in  1966. 

Retention  of  Leases 

Figure  7  shows  the  location  of  all  active  Federal  and  validated  State 
leases  in  zones  2,  3,  and  4,  offshore  Louisiana.   From  1953  through  1967 
BLM  leased  approximately  4  million  acres  in  the  offshore  Federal  areas  of 
Louisiana.   By  October  1967  leases  on  about  \\   million  acres  had  expired 
(table  6).   Much  of  this  \\   million  acres  has  been  explored,  to  some  extent, 
unsuccessfully.   Overall,  about  640,000  acres  seaward  of  zone  1  was  under 
active  or  validated  State  leases  offshore  Louisiana  in  October  1967.   A  por- 
tion (about  300,000  acres)  of  huge  State  Lease  No.  340  in  the  South  Marsh 
Island  area,  leased  in  1936,  is  in  litigation.   Considering  State  Lease 
No.  340,  active  or  validated  State  leases,  and  active  Federal  leases  in 
zones  2,  3,  and  4,  a  little  over  12  million  acres  remains  unleased. 

7Does  not  include  the  May  1968  sale.   Approximately  535,000  acres  was  leased 
for  an  average  of  about  $1,100  per  acre. 


TABLE  5  .  -  Bonus,  rental,  and  royalty  payments  received  from 

1953-66,  Gulf  of 


1  Federal  offshore  oil  and  gas  leases, 
exico 


Lease 
jonuses 


Minimum 
royalties 


Shut-in 

gas 
payment? 


Oil  and 
condensate 


Royalty  valu^ 


FLORIDA 

$1,711,872 

" 

$397,440 
397,440 
397,440 
190,080 

- 

$2,109,312 
397,440 
397,440 
190,080 

: 

" 

. 

Total 

1,711,872 

- 

1,382,400 

" 

3,094,272 

- 

" 

" 

LOUISIANA 


8/7    -    12/31/53. 

1954 

1955 

1956 

1957 

1958 

1959 

1960 

1961 

1962 

1963 

1964 

1965 

1966 

Total 


$46,935,475 
169,534,264 


88,035,121 
246,909,784 

488,923,391 

60,340,626 

188,010,893 


,288,689,554 


$67,201 
184,396 
171,036 
299,695 
294,998 
497,202 
632,376 
784,993 
983,059 
1,327,830 


5,242,786 


$1,271,790 
2,781,952 
3,553,322 
3,259,704 
2,930,301 
2,140,584 
1,780,026 
2,430,290 
1,984,441 
2,068,596 

12,697,917 
6,735,693 
5,604,824 
4,736,294 


53,975,734 


$30,650 
86,950 

122,000 
79,950 

110,268 

121,218 
84,984 
49,350 
37,100 
62,200 
52,950 
45,800 
38,450 
41,700 


963,570 


$1,302,440 

49,804,377 

173,209,586 

3,339,654 

3,107,770 

2,446,198 

90,071,167 

249,689,119 

2,316,539 

491,551,389 

13,383,243 

67,907,112 

6,626,333 

194,116,717 


1,348,871,644 


$719,541 
2,043,198 
4,022,385 
6,519,010 
10,222,571 
15,110,378 
21,221,318 
29,171,604 
37,250,253 
51,504,973 
59,210,457 
68,645,345 
80,406,508 
103,263,580 


,311,121 


$248,351 
705,779 
1,116,642 
1,103,698 
1,165,294 
2,313,500 
5,318,518 
7,636,074 
9,483,489 
13,748,400 
16,136,781 
17,887,512 
19,248,110 
27,989,727 


124,101,875 


$967,892 

2,748,977 

5,139,027 

7,622,708 

11,387,865 

17,423,878 

26,539,836 

36,807,678 

46,733,742 

65,253,373 

75,347,238 

86,532,857 

99,654,618 

131,253,307 


613,412,996 


TEXAS 

8/7   -    12/31/53 

$31,794,491 

35,732,031 
557,720 

$1,380 

17,280 
19,123 
20,520 
35,963 
35,350 
89,640 

$87,840 
87,840 
738,570 
696,489 
289,821 
236,010 
64,269 
762,750 
679,320 
502,200 
424,440 
368,820 
337,454 
2,933 

: 

$87,840 

87,840 

32,533,061 

696,489 

291,201 

236,010 

64,269 

36,512,061 

698,443 

1,080,440 

460,403 

404,170 

427,094 

2,933 

$979 
6,675 
3,296 

141 
47 

1,837 
26,627 
2,449 
1,666 

444,017 

$84 
1,152,598 

- 

$979 

6,675 

3,380 

141 

47 

1,837 

26,627 

2,449 

1,666 

1,596,615 

Total 

68,084,242 

219,256 

5,278,756 

" 

73,582,254 

487,734 

1,152,682 

1,640,416 

Grand   total .  . 

1,358,485,668 

5,462,042 

60,636,890 

963,570 

1,425,548,170 

489,798,855 

125,254,557 

615,053,412 

Source:   U.  S.  Geological  Survey,  Conservation  Division. 
Statistics,  1965-66. 


Mineral  Production,  Royalty,  Income,  and  Related 


20 


<u  o 


<.  co 


O      CO 

>s  c 

J-l     11 

i-i  e 

cd    5s 

s  s 

>s  cd 

ID             CU 

■i-g  3 

3           HI 

Bonus 
value, 
million 
dollars 

Area 

leased, 

thousand 

acres 

a. 

X 

cu        cu 

1  °  s 

Bonus 
value, 
million 
dollars 

Area 

leased, 

thousand 

acres 

1 

3 
CD 
0) 

3 
TJ 
0 
U 
Cm 

U             00 

cu  cu 
.g  >u  a 
B  o  td 
-J          <u 

Bonus 
value, 
million 
dollars 

Area 

leased, 

thousand 

acres 

3 

-a 
o 
i-i 
fx, 

u         m 

1"S  3 
1     J5 

Bonus 

value, 

million 

dollars 

Area 

leased, 

thousand 

acres 

o 

u        m 

cu        <u 

■§"8  3 

3         cu 

Z              r-l 

Bonus 
value, 
million 
dollars 

Area 

leased, 

thousand 

acres 

<u 
m   cu 

' 

• 

m  os  oo  cm  >o 

a 

$2.6 
16.3 
9.0 
5.1 
37.2 
95.1 
492.6 

OS 

m 

20.0 

110.0 

7.9 

11.1 

16.5 

97.5 

734.5 

OS 
OS 

in  o  r-  m  --I  O    i    cm    i     i     i 

-<t  vO          CO   OS  sO 

o 
o 

$46.7 
33.5 
9.2 
77.7 
57.9 
68.0 

.4 

OS 

197.5 
155.0 
12.1 
162.6 
411.0 
285.5 

.8 

•* 

ino\    i   no\oHcM^Nisi 

.-<           <f    00    00 

■tf 

$9.8 
45.4 

75.3 

60.4 

120.0 

2.2 

9.3 

14.1 
4.1 

17.5 

00 

25.0 
57.2 

205.0 

415.2 

377.8 

2.0 

2.2 

6.1 

7.2 

10.0 

o 

OmCMrHCMCMClOmi       1 

o 

SO 

$59.9 
21.2 
78.8 
93.9 
56.4 
63.5 
32.7 
45.5 
37.5 

OS 
00 

172.2 

40.6 

26.7 

96.4 

105.6 

154.4 

6.3 

18.6 

12.5 

SO 

o<j-osa\somascor-.<i-oo 

OSOSt-IOsOOS           CMi-tCMin 

OS 

$116.4 
100.1 
88.0 
246.9 
177.3 
267.8 
43.9 
60.3 
88.8 
99.2 
510.1 

oo 

00 
OS 

394.7 

252.8 

38.8 

464.0 

951.8 

927.7 

16.2 

32.7 

35.1 

104.7 

744.5 

o 

sO 
OS 

c 

ir 

OS   C 

sC 

M    <f  J    J)    1^ 

o  -» —  o  -». 

.-I   <)■  CO   .-1   so 

o 

H 

<f 

3 

OS 

SO 

OS 

OS 

3 

OS 

oo 
W 

| 
1 

m 

o 

OS 

-* 

sO 

OS 

o 

CO 

CM 

E- 

00 

m 

sO 
00 

OS 
CM 

00 

00 
CM 

CM 

oo 

oo 

CM 

oo 
w 

00 
CM 

CO 

H 
W 

1 

u 

% 

o 

OS 

O 

i 

o 

OS 

-a- 

OS 

CM 

OS 

sO 

m 

•* 
oo 

SO 
00 

m 
m 

CO 

re 
C 

E- 

' 

' 

' 

,      .      .      . 

' 

,      ,      ,      , 

' 

cm  r-~  m  O 

CO 

10.2 

8.4 

16.1 

.6 

m 

52.7 
149.8 
169.9 

28.8 

O 

SO      1     .-1      1 

^ 

SO      1     .-(      1 

CO 

so    i    m    i 

o 

-1      ,     CM      , 

2 

4.6 

19.5 

•* 

5.8 
69.1 

OS 

os  r^  oo  O 

HCSstH 

o 

23.4 

8.4 

35.7 

.6 

CO 

sD 

67.1 
149.8 
240.5 

28.8 

sD 
CO 

>* 
o- 

c 

sC 
s£ 

Cs 

SO 
sO 

CO 

c 

E- 

$ 

OS 

SO 

m 

OS 
OS 

o 

o 

00 

m 

m 

CM 

O 
U 

00 

sO 
so 

g 
§ 
Cu 
g 

S 

s 

in 

CM 

o 

o 

SO 

00 
SO 
00 

00 
■tf 

E- 

oo        cd    o 


22 


A  summary  of  all  Federal  Gulf  of  Mexico  OCS  oil  and  gas  leases  to 
October  1967  is  shown  in  table  6.   According  to  an  October  1967  Department 
of  the  Interior  OCS  mineral  lease  summary,  407  of  the  total  1,061  Federal 
Gulf  of  Mexico  leases  acquired  (including  the  June  1967  lease  sale)  had 
expired  or  had  been  relinquished;  and  427  of  the  654  active  leases  were  clas- 
sified as  producing,  productive-shut-in,  or  held  by  consignment  to  a  producing 
or  shut-in  unit.   A  lease  may  be  consigned  to  a  producing  or  shut-in  unit 
without  having  a  completed  oil  or  gas  well  on  the  tract.   Of  the  654  active 
leases,  227  (156  of  these  were  obtained  in  June  1967)  are  held  by  royalty  or 
rental  payment  for  further  disposition.   Drilling  and  testing  of  some  tracts 
leased  in  June  1967  commenced  immediately  and  significant  discoveries,  clas- 
sified as  shut-in,  were  reported  shortly  thereafter.   To  October  1967  the 
average  bonus  paid  for  the  producing,  productive-shut-in,  or  assigned  leases 
was  $481  per  acre  compared  with  $188  on  the  leases  that  eventually  expired. 
The  bonus  paid  appears  to  reflect  the  general  probability  of  successful 
exploration. 

The  area  of  the  427  productive  leases  is  about  1.83  million  acres,  and 
the  area  of  the  407  expired  leases  is  about  1.76  million  acres  or  38  pet  of 
the  total  acreage  leased.   All  leases  offshore  Florida,  81  pet  of  the  offshore 
Texas  leases,  and  32  pet  of  the  offshore  Louisiana  leases  had  expired  by  late 
1967. 

Classification  of  Zones  2,  3,  and  4  Leases  by  Water  Depth 

The  total  area  of  zones  2,  3,  and  4  offshore  Louisiana  is  approximately 
15.7  million  acres  since  changes  made  by  the  December  1965  supplemental  decree 
(15.9  before  decree).   About  53  pet  of  the  15.7  million  acres  is  in  water  100 
ft  or  deeper,  and  20  pet  of  this  area  in  water  300  to  600  ft  deep.   In  each 
nominated  sale,  industry  has  acquired  leases  in  progressively  deeper  water. 
To  October  1967,  however,  only  63,000  acres  of  the  1.7  million  acres  platted 
for  the  area  where  water  is  over  300  ft  deep  are  under  lease.   Of  the  6.5 
million  acres  lying  in  100  to  300  ft  of  water,  22  pet  was  under  active  Federal 
lease.   Validated  State  leases  were  held  on  nearly  40,000  acres  in  the  100 
to  300-ft  water-depth  range.   About  1.25  million,  or  16  pet  of  the  7.5  million 
acres  seaward  of  zone  1,  lying  in  100  ft  or  less  of  water  was  under  active 
Federal  lease  in  1967,  and  about  8  pet  was  under  validated  State  lease  agree- 
ments at  that  date  (including  validated  portion  of  State  Lease  340). 

About  92  pet  of  the  acreage  leased  in  the  Gulf  Coast  OCS  has  been  in  the 
waters  adjacent  to  Louisiana.   Figure  8  shows  the  distribution  of  all  offshore 
Louisiana  leases  through  1967  by  approximate  median  water  depth.   The  leases 
are  as  far  as  90  miles  from  the  coast.   About  one-third  of  the  934  tracts 
leased  through  1967  are  in  water  over  120  ft  deep.   Over  250  of  these  deeper 
leases  are  active,  and  more  than  100  are  unproductive  or  untested.   The  water 
depth  of  the  active  leases  ranges  up  to  about  465  ft.   Of  the  300  leases  that 
have  expired  or  were  relinquished,  about  80  pet  were  in  water  less  than  120  ft 
deep. 

Water  depth  of  the  104  tracts  leased  in  the  four  sales  offshore  Texas 
ranged  from  40  to  120  ft,  with  the  maximum  distance  from  shore  about  65  miles. 
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FIGURE  8.  -  Distribution  by  Median  Water  Depth  of  All  Federal  Leases  Offshore 
Louisiana,  October  1967. 
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Only  12  of  the  104  tracts  leased  offshore  Texas  were  in  water  over  100  ft  in 
depth.   The  acreage  leased  offshore  Florida  ranged  from  70  to  90  miles  from 
the  mainland  but  was  within  20  miles  of  the  island  group  that  extends  south- 
west into  the  Gulf  of  Mexico.   Water  depth  of  more  than  50  pet  of  the  tracts 
was  less  than  100  ft,  and  for  the  remainder  was  100  to  600  ft. 

Figure  9  shows  a  comparison  of  approximate  median  water  depths  of  tracts 
in  each  of  the  nominated  lease  sales.   The  median  water  depth,  determined  from 
Coast  and  Geodetic  Survey  maps,  is  the  depth  of  the  approximate  center  of  a 
tract.   The  average  median  depth  of  the  water  for  all  tracts  generally 
increased  in  each  major  lease  sale  (the  exception  was  the  July  1955  sale). 
The  1954  and  1955  sales  have  been  considered  as  one  group  in  comparing  water 


180      240      300 
MEDIAN  WATER  DEPTH,  feet 

FIGURE  9.  -  Distribution  by  Median  Water  Depth  of  All  Tracts  Leased  at  Nominated 
Federal  Lease  Sales,  1954-67,  Offshore  Louisiana. 
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depth  trends  because  the  sales  were  only  9  months  apart.   The  average  water 
depth  of  each  group  was  67  ft  for  the  first  two  lease  sales,  89  ft  for  the 
1960  lease  sale,  125  ft  for  the  1962  lease  sale,  and   186  ft  for  the  1967 
lease  sale. 

A  study  was  made  to  determine  if  water  depths  of  the  producing  tracts 
were  increasing  simultaneously  with  leasing  depths.   To  do  this,  an  analysis 
of  each  lease  sale  was  made  as  shown  in  figure  10.   Some  of  the  tracts  in 
figure  10  are  shown  in  productive  areas  shallower  than  the  depth  of  leases 
obtained  because  their  median  depth  is  more  than  that  of  the  field  in  which 
they  are  included.   The  range  of  the  median  water  depths  of  the  producing 
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fields  on  January  1,  1968,  discovered  on  1954  leases,  is  20  to  138  ft;  the 
range  of  the  1955  fields  is  56  to  96  ft;  the  range  of  the  1960  fields  is  23  to 
228  ft;  and  the  range  of  the  1962  fields  is  57  to  208  ft.   Although  the  trend 
to  productive  tracts  in  deeper  water  has  not  been  as  consistent  as  the  trend 
in  leasing,  the  distribution  of  1962  sales  compared  with  the  1954  sale  shows 
a  definite  movement  toward  deeper  water.   These  data  indicate  that  the  water 
depths  of  the  tracts  leased  as  well  as  the  water  depths  of  the  producing 
fields  have  increased  simultaneously. 

GULF  OF  MEXICO  HYDROCARBON  PRODUCTION,  RESERVES,  AND  CAPACITY 

Reserves  and  Productive  Capacity 

According  to  the  American  Petroleum  Institute  (API),  offshore  crude  oil 
reserves  in  the  Gulf  of  Mexico  were  2,374,576,000  bbl  as  of  December  31,  1967. 
This  number  excludes  reserves  anticipated  from  reservoirs  behind  casing.   Even 
with  this  exclusion,  there  is  approximately  500,000  bbl  of  reserves  per  off- 
shore completion  compared  with  an  average  of  about  55,000  bbl  per  completion 
for  the  United  States.   In  summation,  at  the  end  of  1967  the  Gulf  of  Mexico 
had  approximately  8  pet  of  the  total  U.S.  crude  oil  reserves,  1  pet  of  the 
producing  oil  well  completions,  and  9  pet  of  the  production  (using  preliminary 
1967  production  data). 

The  importance  of  the  Gulf  of  Mexico  as  a  future  source  of  liquid  hydro- 
carbons is  shown  in  a  1967  offshore  study  (1_4).   The  cumulative  increase  in 
liquid  hydrocarbon  reserves  for  the  total  United  States  from  1955  through  1966 
was  about  5  billion  bbl.   Of  this  amount,  almost  50  pet  was  from  offshore 
Louisiana. 

In  January  1968  there  were  41  giant  fields8  in  Louisiana  including  all 
offshore  areas  (7).   Of  these  14  are  offshore,  and  six  of  the  10  largest  are 
offshore.   On  January  1,  1967,  there  were  147  oilfields  or  gasfields  offshore 
Louisiana  and  20  offshore  Texas.   All  of  these  fields,  including  location  and 
salient  production  data,  are  listed  in  appendix  C. 

The  API  estimated  the  90-day  crude  oil  productive  capacity  offshore  Texas 
and  Louisiana  to  be  1,132,200  bbl  per  day  as  of  January  1,  1968.   The  90-day 
capacity  is  defined  as  the  maximum  daily  crude  oil  production  rate  at  the 
point  of  custody  transfer  that  could  be  achieved  in  90  days  with  existing 
wells,  well  equipment,  and  surface  facilities,  plus  work  and  changes  that  can 
be  reasonably  accomplished  within  the  time  period  using  present  service  capa- 
bilities and  personnel.   Production  restrictions  preclude  rates  which  would 
result  in  a  significant  reduction  in  ultimately  recoverable  oil,  prohibit  the 
pollution  of  potable  water  sources,  and  prohibit  air  pollution  with  gas  or  the 
creation  of  fire  hazards  from  gas.   The  January  1968  combined  Texas  and 
Louisiana  offshore  capacity  is  about  9  pet  of  the  total  U.S.  capacity. 


*A  giant  field  is  defined  as  having  an  ultimate  recovery  of  at  least  100 
million  bbl. 
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Gas,  Crude  Oil,  and  Condensate  Production 

Annual  Gulf  of  Mexico  crude  oil  and  condensate  production  has  increased 
steadily  from  less  than  1.0  pet  of  the  U.S.  total  in  1954  to  over  8  pet  in 
1966,  with  over  99  pet  of  this  production  from  offshore  Louisiana  and  the 
remainder  from  offshore  Texas.   Gulf  of  Mexico  crude  oil  and  condensate  pro- 
duction from  1954  through  1966  is  shown  by  zone  in  table  7;  and  gas  production 
from  1954  through  1966  is  shown  by  zone  in  table  8.   Hydrocarbon  production 
statistics  for  offshore  California  and  Alaska  (Cook  Inlet)  are  shown  in 
appendix  A.   There  had  been  significant  exploration,  on  submerged  tracts  in 
lakes,  bays,  and  offshore  United  States  and  other  parts  of  the  world  before 
Federal  leasing  in  offshore  areas  of  the  gulf  coast  began  in  1954.   As  a 
result  of  activity  in  the  Gulf  of  Mexico,  production  of  crude  oil  and  conden- 
sate from  State  leases  offshore  Texas  and  Louisiana  was  about  16  million  bbl 
during  1954  (table  7).   Development  of  these  leases  and  subsequent  Federal  and 
State  leases  offshore  Louisiana  and  Texas  increased  annual  production  about  15 
times  to  244  million  bbl  by  1966.   Using  1954  as  the  base  year,  the  growth 
rate  of  Gulf  of  Mexico  crude  oil  and  condensate  production  through  1966  was 
about  26  pet  per  year.   The  average  growth  rate  of  domestic  crude  oil  and  con- 
densate production  through  1966,  using  1954  as  the  base  year,  was  1.5  pet  per 
year  excluding  Gulf  of  Mexico  production,  and  2.1  pet  including  it.  Casinghead 
and  natural  gas  production  also  increased  significantly.   The  1954  production 
of  about  80  billion  scf  increased  about  17  times  to  1,355  billion  scf  in  1966. 
In  1967  all  oil  well  completions  in  the  United  States,  including  offshore,  had 
an  average  production  rate  of  about  15  bpd,  and  offshore  completions  averaged 
about  150  bpd. 

After  ownership  of  offshore  areas  was  defined  in  1953,  the  Federal  Govern- 
ment validated  all  State-leased  tracts  in  Federal  areas  (zones  2,  3,  and  4, 
fig.  4),  with  the  exception  of  the  major  portion  of  State  Lease  340  in  the 
South  Marsh  Island  area.   In  October  1967  there  were  98  active,  validated 
State- leased  tracts  offshore  Louisiana,  some  many  miles  offshore.   An  example 
is  the  Eugene  Island  Block  110  field,  discovered  on  a  State- leased  tract  about 
20  miles  seaward  of  the  Chapman  line.   To  analyze  the  effect  of  Federal  off- 
shore lease  sales  in  terms  of  oil  and  condensate  production  from  fields  dis- 
covered on  offshore  tracts,  Louisiana  data  were  divided  into  three  groups: 
(1)  Production  from  all  fields  in  zone  1  and  inside  the  Chapman  line;  (2)  pro- 
duction from  fields  discovered  on  State- leased  tracts  in  zones  2,  3,  and  4; 
and  (3)  production  from  fields  discovered  on  tracts  in  zones  3  and  4  leased 
by  the  Federal  Government  (fig.  11).   The  sum  of  these  groups  is  the  total 
production  offshore  Louisiana.   In  1966  there  were  60  fields  in  group  1,  42 
fields  in  group  2,  and  45  fields  in  group  3. 


9Some  of  the  production  offshore  Louisiana  was  from  tracts  under  ownership 
dispute. 
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FIGURE  11.  -  Annual  Crude  Oil  and  Lease  Condensate  Production  From  Fields  by  Discovery 
Lease  Vendor,  Offshore  Louisiana,  January  1954  to  January  1967. 

Offshore  Texas  only  one  tract  seaward  of  the  3- league  line  has  been 
leased  by  the  State  and  this  lease  has  been  validated  by  the  Federal  Govern- 
ment (fig.  12).   The  Texas  offshore  crude  oil  and  condensate  production  data 
(table  7)  are  divided  into  two  groups:   (1)  Production  from  fields  discovered 
on  State- leased  tracts,  which  are  within  3  leagues  of  the  Texas  coastline, 
and,  (2)  production  from  fields  discovered  on  Federal  tracts,  which  are  sea- 
ward of  a  line  3  leagues  from  the  Texas  coastline.   Fields  discovered  on 
Federal  tracts  produced  less  than  100,000  bbl  per  year  until  1966  when  about 
366,000  bbl  was  produced  (nearly  all  from  the  Federal  Block  288  field). 


To  1967  both  the  annual  and  cumulative  production  from  fields  discovered 
on  Federal  tracts  was  less  than  that  from  State-owned  tracts  or  validated 
State-leased  tracts  in  Federal  areas.   An  analysis  of  offshore  Louisiana 
(fig.  11)  shows  that  production  from  fields  discovered  on  Federal  tracts  in 
zones  3  and  4  has  increased  from  0  pet  of  total  offshore  Louisiana  production 
in  1954  to  over  20  pet  in  1966.   The  increase  from  fields  discovered  on  vali- 
dated State-leased  tracts  in  zones  2,  3,  and  4  was  from  around  20.1  to  56.0 
pet,  and  the  decrease  from  tracts  in  zone  1  and  inside  the  Chapman  line  was 
from  over  80  to  about  23  pet  of  total  offshore  Louisiana  production  during 
this  time.   Over  half  of  the  increase  from  Federal  tracts  in  zones  3  and  4 
has  occurred  since  1963. 


□ 


LEGEND 
Active  Stote  leases, Oct.  1967 

Active  Federal  leases,  Oct.  1967 


FIGURE  12.  -  Location  of  Active  Federal  and  Validated 
State  Leases  Seaward  of  the  3-League 
Line,  Offshore  Texas,  October  1967. 
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To  determine  the  effect 
of  Federal  nominated  and 
drainage  lease  sales  in  terms 
of  crude  oil  and  conden- 
sate production  from  tracts 
purchased  at  each  sale,  off- 
shore Louisiana  data  were 
divided  into  four  groups : 

(1)  From  all  tracts  in  zone  1 
and  inside  the  Chapman  line; 

(2)  from  tracts  in  zones  2, 
3,  and  4  leased  by  the  State 
and  validated  by  the  Federal 
Government;  (3)  from  tracts 
in  zones  3  and  4  leased  by 
the  Federal  Government  at 
nominated  lease  sales;  and, 
(4)  from  tracts  in  zones  2, 
3,  and  4  leased  by  the 
Federal  Government  at  drain- 
age lease  sales  (fig.  13). 
Note  that  in  this  grouping 
the  production  is  from 
tracts,  while  the  preceding 
grouping  (fig.  12)  gave  pro- 
duction from  fields.   Produc- 
tion from  all  tracts  leased 
by  the  Federal  Government 
has  increased  from  0  pet 

of  total  offshore  Louisiana 
production  in  1954  to  over 
32.0  pet  in  1966.   Produc- 
tion from  Federal  areas  was 
comprised  of  about  24  pet 
from  competitive  lease  sales 
and  about  8  pet  from  drain- 
age lease  sales.   Production 
from  zones  2,  3,  and  4  State- 
leased  tracts  validated  by 
the  Federal  Government 


increased  from  about  20  pet  of  total  offshore  Louisiana  production  in  1954  to 
about  45  pet  in  1966.   During  this  same  period,  production  from  tracts  inside 
the  Chapman  line  and  in  zone  1  continued  to  increase  but  represented  only 
about  23  pet  of  the  total  in  1966. 


The  lease  date,  discovery  date,  and  annual  crude  oil  and  condensate  pro- 
duction from  fields  discovered  on  tracts  offered  during  Federal  nominated 
lease  sales  in  1954,  1955,  1960,  and  1962  are  presented  in  table  9  and  in 
figure  14.   The  time  lag  between  lease  date  and  discovery  date  is  generally 
less  than  3  years  but  the  time  lag  between  lease  date  and  production  date  has 
been  up  to  12  years  as  with  the  Eugene  Island  Block  77  field.   Gasfields  and 
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FIGURE  13.  -  Annual  Crude  Oil  and  Lease  Condensate  Production  From  Federal  and  State 
Leases,  Offshore  Louisiana,  January  1954  to  January  1967. 


gas -cap  fields  generally  have  a  much  greater  time  lag  between  the  lease  and 
production  dates  than  do  oilfields.   Another  factor  that  can  cause  disruption 
of  production  from  the  offshore  oil  and  gasfields  is  hurricane  damage.   In 
addition  to  wind  and  wave  action,  severe  damage  to  wells  and  production  equip- 
ment is  often  caused  by  debris  carried  by  hurricanes.   An  indication  of  how 
the  1964  and  1965  hurricanes  (Hilda  and  Betsy)  affected  production  of  some 
fields  discovered  on  Federal  leases  is  shown  in  table  9.   For  example,  oil 
production  decreased  from  597,032  bbl  in  1965  to  0  bbl  in  1966  in  the  West 
Delta  Block  117  field  after  all  platforms  were  destroyed  in  September  1965. 

Historical  production  data  may  be  of  little  value  in  predicting  the  time 
frame  of  increasing  production.   For  example,  figure  14  shows  that  in  1961 
production  from  the  acreage  leased  in  the  1954  sale  had  started  to  decline, 
and  apparently  had  passed  its  peak.   Five  years  later,  however,  the  annual 
production  had  quadrupled.   One  explanation  would  be  that  an  increase  in 
demand  permits  development  of  productive-shut-in  acreage  and/or  increased 
rate  of  production  from  developed  acreage.   Time  lags  from  lease  dates  to 
exploration  dates,  coupled  with  the  1,107,700  acres  classified  productive- 
shut-in  (October  1967),  indicate  a  potential  significant  increase  in  future 
hydrocarbon  production. 
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FIGURE  14.  -  Annual  Crude  Oil  and  Condensate  Production  From  Fields  Discovered 
on  Federal  Leases,  Offshore  Louisiana. 

Well   Count  and  Multiple  Completion   Regulation 


A  November   1967  well   count   showed  that   in  zones   2,    3,   and  4  a  total   of 
6,292  holes  had  been  drilled.      Of  these,    2,075  had  been  plugged  and  abandoned, 
2,997  were  producing  hydrocarbons,    and   1,220  were   shut-in  or   temporarily  aban- 
doned.     The   producing  wells  were   comprised  of   the   following  completions: 
1,739   singles;    1,188   duals;    66   triples;    and   4  quadruples. 
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Effective  June  7,  1960,  the  Louisiana  Department  of  Conservation  issued 
statewide  Order  29-C-l,  which  stated  that  until  further  notice  no  permits 
would  be  issued  for  the  multiple  completion  of  oil  wells  in  oil  pools  not 
previously  approved  for  multiple  completion.   The  Department  of  Conservation 
rescinded  the  ban  of  multiple  completions  because,  after  hearing  additional 
evidence  on  August  9,  1960,  they  concluded  unnecessary  wells  would  be  drilled. 
This  would  place  a  financial  hardship  on  a  substantial  segment  of  the  oil  and 
gas  industry  in  Louisiana.   On  September  1,  1960,  the  multiple  completion  rule 
(29-C-l)  was  amended  by  rule  29-C-2,  which  permitted  the  dual  completion  of 
oil  wells.   The  completion  limitation  to  dual  wells  was  still  in  effect  as  of 
January  1,  1968.   Limiting  multiple  completions  (and  not  changing  other  regu- 
lations) has  the  effect  of  reducing  the  amount  of  petroleum  produced. 

Proration  of  Production 

The  allowables  for  all  offshore  Louisiana  wells  are  set  by  the  Louisiana 
Department  of  Conservation,  and  offshore  Texas  allowables  are  set  by  the  Texas 
Railroad  Commission  and  the  USGS.   A  comparison  of  the  Louisiana  and  Texas 
depth-bracket  allowables  for  a  100  pet  market  demand  factor  for  onshore  and 
offshore  wells  is  shown  in  table  10. 

Conservation  of  Offshore  Petroleum 

Offshore  Louisiana  there  are  10  fields  (85  reservoirs)  with  active  gas- 
injection  projects  and  eight  fields  (24  reservoirs)  with  active  water-injection 
(some  have  both  water  and  gas  injection)  projects.   In  1966  the  combined  oil 
and  condensate  production  from  these  fields  was  about  37  million  bbl,  or 
approximately  15  pet  of  the  total  offshore  Louisiana  production. 

In  addition  to  the  active  projects,  41  reservoirs  have  proposed  projects. 
Engineering  estimates  indicate  that  from  the  active  secondary  recovery  proj- 
ects the  ultimate  recovery  of  oil  will  be  increased  about  240  million  bbl. 
From  proposed  projects  it  has  been  estimated  that  the  ultimate  recovery  will 
be  increased  by  about  37  million  bbl  (5_). 

Methods  of  Transporting  Offshore  Production 

Offshore  Louisiana  liquids  are  transported  to  shore  both  by  barge  and  by 
a  system  of  pipelines  and  flowlines.   Pipelines  are  common  carriers  that  move 
clean  oil  and  gas  onshore  after  treatment  at  offshore  facilities,  whereas 
flowlines  move  untreated  fluids  to  onshore  separation  facilities.   Generally, 
the  fields  in  deeper  water  and  farthest  offshore  are  not  as  fully  developed, 
so  the  pipeline- flowline  system  does  not  extend  to  these  fields.   Barges  are 
often  used  in  the  interim  between  field  discovery  and  completion  of  a  pipeline 
or  flowline.   In  zones  2,  3,  and  4  the  BLM  issues  pipeline  permits  and  the 
USGS  issues  flowline  permits.   Operators  who  barge  their  oil  to  onshore  facil- 
ities and  apply  to  the  USGS  may  receive  a  credit  for  this  expenditure.   Barg- 
ing allowances  ranging  from  10.5  cents  to  45  cents  per  bbl  had  been  granted 
as  of  January  1,  1967.   The  USGS  also  may  grant  a  pipeline  credit  based  on  the 
cost  of  the  line  and  maintenance  divided  by  the  number  of  barrels  run.   Pipe- 
line allowances  have  ranged  from  1.4  cents  to  40  cents  per  bbl. 
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Most  of  the  producing 
oilfields  in  the  Federal  area 
offshore  Texas  are  connected 
with  a  pipeline-f lowline 
system  as  presented  in 
figure  15.   The  Blue  Dolphin 
pipeline  is  a  20-in-diameter 
line  about  25  miles  long, 
from  Galveston  area  Block 
288  field  to  shore.   The 
Black  Marlin  is  a  16-in- 
diameter  pipeline  about  the 
same  length,  connecting  High 
Island  Blocks  140  and  160 
fields  with  shore  facilities. 
In  this  area  there  is  only 
one  flowline,  a  4-in-diameter 
line  from  the  Federal  Block 
52  field  to  shore. 


A  December  1966  survey 
(9)  indicated  that  about 
5,000  miles  of  pipelines  and 
flowlines  had  been  con- 
structed offshore  Louisiana 
at  that  time  and  new  work 
was  adding  about  700  miles 
per  year.   About  1,350  miles 
of  pipeline  offshore  Louisi- 
ana in  zones  2,  3,  and  4 
were  either  completed,  under 
construction,  or  proposed  as 
of  March  1968.   Figure  16 
shows  the  approximate  loca- 
tion of  the  between-field 
and  the  field-to-shore  pro- 
posed, under  construction, 
and  existing  pipeline- 
flowline  system  offshore  Louisiana  as  of  March  1968.   Both  proposed  and  com- 
pleted lines  are  shown  because  operators  have  5  years  after  they  obtain  a 
permit  to  complete  a  line  and  give  notification  of  completion.   All  lines 
shown  depict  the  location  and  direction  as  nearly  as  possible,  but  in  some  of 
the  more  congested  areas,  location  and  direction  are  partially  schematic. 
Primary  intent  of  the  map  is  to  emphasize  the  considerable  amount  of  field-to- 
shore  pipeline  and  flowline  installations  in  operation  or  planned  in  zones  2, 
3,  and  4. 
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FIGURE  15.  -  Approximate  Location  of  the  Existing  Pipeline- 
Flowline  System,  Offshore  Texas,  March  1968. 


Pipelines    range   in   diameter   from   3-in   to   20-in.      The    longest   pipeline 
permit    issued  by   the   BLM  was    for  an   80-mile,    combination    14-    and   16- in   system, 
completed   in    1966,    connecting   several    fields    in   the   Eugene   Island  and   Ship 
Shoal   areas    to  shore.      Flowline  sizes    range   from  4-    to  30-in-diameter.      The 
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FIGURE   16.  -  Approximate  Location  of  the  Proposed  and  Existing 
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FIGURE  16.  -  Approximate  Location  of  the  Proposed  and  Existing  Pipeline-Flowline  System,  Offshore  Louisi. 
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longest  system  is  about  45  miles  of  22-in-diameter  line  from  South  Timbalier 
Block  135  field,  through  South  Timbalier  Block  131  to  West  Delta  Block  41 
field.   Another  large-diameter  line  carries  fluids  20  miles  to  shore  in  a 
26-in  pipe  from  West  Delta  Block  41  field  via  the  West  Delta  Block  30  field. 

A  March  1967  survey  of  the  methods  used  to  transport  offshore  Louisiana 
crude  oil  and  condensate  showed  that  25  pet  was  barged  and  75  pet  was  moved 
by  the  pipeline-f lowline  system. 

TECHNOLOGY  ADVANCEMENTS  IN  OFFSHORE  OPERATIONS 

Thus  far,  technology  has  progressed  continuously  to  allow  operators  to 
move  into  deeper  water  each  successive  lease  sale.   Distance  from  shore,  even 
when  the  water  is  comparatively  shallow,  becomes  an  important  factor  in  stor- 
age and  transportation  of  produced  fluids.   To  explore  and  develop  the  thou- 
sands of  acres  leased  in  the  Gulf  of  Mexico,  industry  developed  the  technology, 
procedures,  and  equipment  necessary  to  drill  in  deeper  water  as  shown  by  the 
depth  rating  of  rigs  working  in  the  Gulf  of  Mexico  from  1959  to  July  1,  1967 
(table  1).   The  floating  units  all  have  a  depth  rating  of  at  least  600  ft  of 
water.   In  the  Gulf  of  Mexico,  the  100-ft  water-depth  contour  is  up  to  a  maxi- 
mum 80  miles  offshore  on  the  gradually  sloping  seafloor  in  the  western  areas 
offshore  Louisiana,  while  the  600-ft  water  mark  is  less  than  20  miles  from 
land  near  the  Mississippi  Delta  area  where  the  bottom  slope  is  much  more 
abrupt.   To  date  the  farthest  proved  reserve  (shut-in)  is  90  miles  from  the 
Louisiana  coastline.   The  maximum  water  depth  offshore  Gulf  of  Mexico  in  which 
a  production  platform  has  been  installed  is  approximately  340  ft  in  the  South 
Pass  area  offshore  Louisiana. 

An  early  method  of  drilling  and  completing  wells  in  the  Gulf  of  Mexico 
was  with  the  use  of  a  small,  fixed  platform  constructed  with  timber  or  steel 
piling  to  support  the  derrick  and  drilling  rig,  and  a  floating  tender  to 
supply  all  the  support  material,  including  living  quarters  for  workers.  Cais- 
sons driven  into  the  ocean  floor  protect  the  casings  of  wells  completed  from 
these  platforms.   In  the  1950's  this  method  was  generally  replaced  by  the 
method  of  exploring  prospects  with  mobile  or  floating  rigs,  and  then  designing 
large,  expensive  platforms  for  development  drilling  and  production  operations. 
These  platforms  consist  of  steel,  tubular  piling  driven  through  vertical  tubes 
strengthened  by  horizontal  and  diagonal  braces.   Designers  make  the  decision 
on  the  optimum  strength  of  a  platform,  based  on  engineering  studies  of  forces 
created  by  hurricanes.   Platforms,  usually  designed  with  eight  to  12  piles, 
are  capable  of  supporting  12  to  24  wells.   These  structures  are  self-contained 
and  do  not  require  a  tender.   In  November  1967  there  were  40  production  plat- 
forms, 455  drilling  platforms,  and  963  caissons  in  the  Gulf  of  Mexico. 

The  ultimate  water  depth  in  which  the  present  tower-type  construction  may 
be  used  will  probably  be  limited  by  economics  rather  than  technology.   Some 
experts  think  the  economic  limit  may  occur  at  about  600  ft  water  depth.   There- 
fore, completions  outside  the  Continental  Shelf  (generally  where  water  depth  is 
about  600  ft  and  begins  to  increase  rapidly)  will  depend  on  improved  technol- 
ogy.  One  possible  change  in  the  current  method  of  development  is  to  use  under- 
water completion  methods.   With  techniques  such  as  pictured  in  figure  17  ( 11-12 ), 
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the  area  for  possible  development  could  be  extended  to  deeper  water.   If  the 
wellhead  is  on  or  near  the  floor  of  the  sea,  the  fluids  can  be  moved  to  a 
platform  in  more  shallow  water,  as  shown  in  figure  17. 

The  subsea  wellhead  completion  assembly  (1_2)  is  operated  by  a  dual  flow- 
line  and  tubing  installation  technique,  with  hydraulic  control  lines  and 
valves.   This  system  permits  fluid  reversing;  therefore  some  remedial  workover 
and  other  special  well  bore  treatment  is  possible.   Paraffin  removal,  acidiz- 
ing, squeeze  cementing,  and  perforating  have  been  successfully  undertaken  in  a 
test  well  operating  offshore  in  shallow  water.   The  2-in  flowlines  extended  to 
a  platform  about  1  mile  from  the  wellhead  and  the  various  operations  were 
remotely  performed,  using  specially  designed  pump-down  tools.   A  panel  on  the 
platform  contained  hydraulic  valve  controls  and  remote  valve  position  indica- 
tors; a  manifold  for  tool  placement -removal  is  also  part  of  the  necessary 
equipment.   The  5-ft-radius  bends  in  the  line  at  the  wellhead  were  sufficient 
to  allow  passage  of  the  various  knuckle- jointed  tools  and  tool  carriers.   Ver- 
tical entry  into  the  wellhead  is  possible  for  such  other  type  workovers  as 
tubing  and  packer  removal,  and  Christmas  tree  maintenance. 

COSTS  OF  COMPLETING  OFFSHORE  AND  ONSHORE  WELLS 

Based  on  1965  data  (2_)  the  average  depth  of  an  onshore  well  was  4,452  ft 
and  the  average  cost  in  current  dollars  (not  including  artificial  lift  equip- 
ment or  lease  facilities)  was  $51,000.   The  average  depth  of  an  offshore  well 
was  10,500  ft  and  cost,  in  current  dollars,  $412,000.   Offshore  well  costs 
include  platforms,  barges,  tenders,  and  other  related  services.   These  costs 
indicate  that  an  average  offshore  well  costs  about  8  times  as  much  as  the 
average  well  drilled  onshore  in  the  United  States. 

The  average  cost  of  completing  Gulf  of  Mexico  and  U.S.  onshore  wells  from 
1953  through  1965  is  shown  on  figure  18  (2).   These  data  were  not  available 
for  the  years  1954,  1957,  and  1958.   All  costs  have  been  converted  to  constant 
dollars  using  price  deflators  for  the  gross  national  product  where  1958  =  100. 
From  1953  to  1956  there  was  a  marked  increase  in  the  cost  of  an  average  off- 
shore well.   From  1959  to  1964,  however,  there  was  a  decline  in  the  costs  for 
an  average  offshore  well  even  though  operators  were  continuing  to  move  into 
deeper  water.   This  cost  reduction  can  be  attributed,  at  least  in  part,  to  the 
increased  technology  gained  from  previous  operations  in  this  particular  type 
of  environment.   In  contrast,  the  average  cost  of  an  onshore  well  has  remained 
almost  constant  from  1953  through  1965.   The  cost  (using  constant  dollars) 
to  drill  and  equip  an  offshore  well  was  about  6  times  the  cost  to  drill  an 
onshore  well  in  1953,  9  times  the  cost  in  1956,  and  8  times  the  cost  in  1959 
and  1965. 

Water  depth,  distance  from  shore,  nature  of  foundation  sediments,  and 
slopes  of  the  ocean  floor  near  the  Continental  Shelf  margins  are  all  important 
factors  in  installation  and  development  costs  of  some  tracts.   One  offshore 
operator  has  stated  (1_4)  that  from  onshore  to  offshore  in  100  ft  of  water  the 
capital  requirement  about  doubles,  and  is  estimated  to  increase  another  70  pet 
in  400  ft  of  water. 
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FIGURE  18.  -  Average  Cost  of  Completing  Offshore  Wells  and  Onshore  Wells 
in  the  United  States,  1953-65. 


SUMMARY  AND  PRODUCTION  OUTLOOK 


The  Federal  Government  had  leased,  as  of  January  1,  1968,  about  4.6  mil- 
lion acres  in  the  Gulf  of  Mexico  for  about  $1.87  billion.   As  of  late  1967, 
about  50  pet  of  the  Federal  leases  acquired  prior  to  June  1967  (there  had  been 
little  time  to  initiate  drilling  programs  on  leases  acquired  in  June  1967) 
were  classified  producing,  productive-shut-in,  or  held  by  effect  of  consign- 
ment to  unit  areas  (for  future  drilling  and  development).   This  success  has 
greatly  influenced  the  movement  to  or  interest  in  offshore  areas,  not  only 
along  the  OCS  of  the  United  States  but  also  worldwide.   Industry's  confidence 
in  the  possibility  of  developing  prolific  hydrocarbon  deposits  in  progres- 
sively deeper  water  is  evidenced  by  the  leasing  of  38  tracts  (200,000  acres) 
for  exploration  and  development  where  water  is  over  600  ft  deep  off  the 
California  coast,  and  several  tracts  offshore  Louisiana  approaching  600  ft 
in  depth. 

In  the  Federal  offshore  area  (including  validated  State  leases)  6,292 
holes  had  been  drilled  as  of  November  1967,  and  2,997  were  producing  hydrocar- 
bons.  From  1953  to  1.967,  47  new  fields  were  discovered  in  this  area.   The 
annual  royalty  value  of  crude  oil,  condensate,  and  gas  produced  from  the 
Federal  area  of  the  Gulf  of  Mexico  increased  from  $967,892  in  1953  to 
$132,849,922  in  1966;  and  the  cumulative  value  to  January  1967  is  $615,053,412. 
In  1967  the  average  oil  production  rate  from  offshore  completions  was  about 
150  bpd,  while  the  average  for  the  total  United  States  was  about  15  bpd. 
There  is  approximately  500,000  bbl  of  proved  oil  reserves  per  offshore  com- 
pletion, and  55,000  bbl  per  onshore  completion.   At  yearend  1967,  the  Gulf 
of  Mexico  had  about  8  pet  of  the  total  United  States  proved  crude  oil  reserves, 


43 


1  pet  of  the  producing  completions,  9  pet  of  the  90-day  producing  capacity, 
and  9  pet  of  the  total  production. 

The  attraction  of  petroleum  industry  capital  to  offshore  areas  may  be 
attributed  to  several  factors.   Among  the  more  important  are  discovery  of 
sizable  fields  (of  the  41  giant  fields  in  Louisiana,  14  are  offshore  and  six 
of  the  top  10  are  offshore);  the  average  success  ratio  for  exploratory  wells 
drilled  in  the  Gulf  of  Mexico  (26  pet  success  for  offshore  and  18  pet  success 
for  onshore);  the  size  of  the  tracts  being  offered  (about  5,000  acres);  and 
the  obtaining  of  acreage  from  a  single  owner. 

Some  industry  experts  regard  the  bonus  investment  as  an  indicator  of 
future  capital  expenditure  for  drilling  and  production  development.   An  aver- 
age multiplier  (1_0)  for  determining  ultimate  spending  from  bonus  investment  is 
5.   The  major  factors  influencing  this  multiplier  are  the  individual  operator, 
nature  of  a  prospect,  wildcat  success,  distance  from  shore,  and  water  depths. 
About  $2.5  billion  (this  includes  1968  nominated  sales)  has  been  spent  on 
bonuses.   By  applying  the  multiplier,  an  additional  $10  billion  outlay  will 
be  made  eventually  for  exploration  and  development  of  leases  acquired  to 
May  1968. 

From  1954  through  1966  annual  Gulf  of  Mexico  crude  oil  and  condensate 
production  increased  steadily  from  less  than  1.0  pet  of  the  total  U.S.  domes- 
tic production  to  over  8  pet.   This  increase  was  at  the  expense  of  onshore 
production  which  had  a  growth  rate  of  1.5  pet  per  year  while  offshore  had  a 
26  pet  growth  rate.   The  percentage  of  total  annual  U.S.  expenditures  spent 
for  drilling  and  equipping  offshore  oil  and  gas  wells  increased  from  less  than 
1.0  pet  of  the  total  in  1953  to  about  17.0  pet  in  1965.   The  substantial  capi- 
tal investment  in  the  development  and  production  of  Gulf  of  Mexico  fields  has 
reduced  the  expenditures  for  the  onshore  areas.   For  example,  onshore  seismic 
exploration  activity  has  decreased  steadily  from  35,990  crew  weeks  in  1953  to 
15,731  crew  weeks  in  1967,  and  the  onshore  annual  footage  drilled  by  the  oil 
industry  decreased  from  198  to  133  million  ft. 

The  projection  of  total  Gulf  of  Mexico  production  to  1975  assumes  the 
following:   (1)  Increased  technology  in  both  drilling  and  producing  operations 
will  allow  operators  to  produce  to  the  edge  of  the  OCS,  or  in  water  depths  up 
to  600  ft;  (2)  the  Federal  lease  sales  will  continue  at  approximately  the  same 
rate  as  they  have  since  1954;  (3)  the  demand  for  offshore  crude  oil,  conden- 
sate, and  gas  continues  as  it  has  in  the  past;  and,  (4)  the  discovery  rate  and 
quality  of  discoveries  continue  as  in  the  past.   Also,  the  time  lags  of  up  to 
5  years  from  lease  to  discovery  dates  and  the  1,107,700  acres  classified 
productive-shut-in  (October  1967)  provides  a  semiproven  reserve  of  hydrocar- 
bons during  the  forecast  period. 

Using  the  reasoning  in  these  considerations  it  seems  probable  that  the 
production  from  the  Gulf  of  Mexico  will  continue  to  1975  within  the  range 
shown  in  figure  19.   The  upper  value  represents  a  growth  rate  of  19  pet  per 
year  and  would  result  in  an  annual  production  of  1,150  million  bbl  in  1975; 
the  lower  value  represents  a  growth  rate  of  13  pet  per  year  and  would  result 
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in  an  annual  production  of  about  750  million  bbl  in  1975.   Using  an  estimated 
domestic  production  (L3)  for  oil  and  condensate  in  1975  of  3.9  billion  bbl, 
Gulf  of  Mexico  production  would  be  20-30  pet  of  the  total. 
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FIGURE  19.  -  Annual  Gulf  of  Mexico  Crude  Oil  and  Condensate  Production,  1954-66, 
and  Projected  Through  1975. 
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Field 


Year 
discovered 


Crude  oil, 
bbl 


1967  production 


Gas, 
Mscf 


Cumulative,  Jan.  1,  1968 


Crude  oil, 
bbl 


Gas, 
Mscf 


ALASKA  (Cook  Inlet) 


Granite  Point 

1954 

7,016,000 

4,811,000 

7,016,000 

4,811,000 

Mc Arthur  River 

1965 

749,000 

219,000 

749,000 

219,000 

Middle  Ground  Shoal. 

1962 

7,654,000 

3,197,000 

10,336,000 

4,406,000 

Trading  Bay 

1965 

727,000 

705,000 

729,000 

705,000 

CALIFORNIA 


Algeria 

Belmont 

Caliente 

Carpinteria 

Coal  Oil  Point 

Conception 

Cuarta 

Elwood 

Elwood,  South 

Gaviota 

Huntington  Beach.... 

Molino 

Montalvo,  West 

Naples 

Newport,  West 

Rincon 

Seal  Beach  (Alamitos 

Area) 

Summer land 

Torrance  West 

Area?-/ 

Venice  Beach 

Wilmington 


1962 
1948 

1966 
1961 
1961 
1961 
1928 
1966 

1926 


1953 
1927 

1926 
1958 

1956 
1966 
1965 


5,000 
4,273,000 

3,404,000 

159,000 

888,000 

18,000 

225,000 

1,520,000 

13,359,000 

167,000 

115,000 
787,000 

16,000 
1,861,000 

152,000 

409,000 

37,464,000 


464 

5,737 

4,285 

2,612 

283 

614 

532 

354 

1,621 

8,315 

8,204 

30,576 

284 


,000 
,000 
,000 
,000 
,000 
,000 
,000 
,000 
,000 
,000 
,000 
,000 
,000 


27,000 
783,000 

10,000 
9,453,000 

184,000 

434,000 

11,513,000 


58,000 
18,203,000 

4,317,000 

871,000 

18,587,000 

561,000 

75,305,000 

1,520,000 

335,252,000 

4,482,000 

3,057,000 
24,949,000 

587,000 
19,498,000 

3,623,000 

409,000 

427,376,000 


1 
23 
15 

3 

2 
11 
16 
84 

1 

50 

1/350 

1/110 

1/5 

20 

1 

23 


,767,000 
,456,000 
,821,000 
,079,000 
,260,000 
,943,000 
,839,000 
,474,000 
,621,000 
,277,000 
,268,000 
,509,000 
,194,000 
,815,000 
,034,000 
,798,000 


1/639,000 
56,065,000 

1/4,687,000 

1/434,000 

1/405,313,000 


1/  Estimated. 

2/  Combined  with  Torrance  Main  Area, 


1966. 
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APPENDIX  B. --LEASING  PROCEDURES  AND  TERMS  DESCRIBED 
IN  SECTION  8  OF  PUBLIC  LAW  212 

A.  Oil  and  gas- -competitive  bidding. 

1.  Sealed  bid. 

(a)  Cash  bonus  with  fixed  royalty. 

(b)  Royalty  bid  with  fixed  bonus. 

2.  Royalty  not  less  than  12.5  pet  (16-2/3  pet  has  been  the  OCS  royalty  to 

date). 

3.  Compact  area- -not  exceeding  5,760  acres. 

4.  Term  is  5  years  and  so  long  thereafter  as  oil  or  gas  may  be  produced 

in  paying  quantities  or  drilling  or  well  reworking  operations,  as 
approved  by  the  Secretary,  are  conducted. 

5.  Rental  as  prescribed  by  the  Secretary  of  the  Interior  at  the  time  of 

offering  the  area  for  lease. 

B.  Sulfur- -competitive  bidding. 

1.  Sealed  bid. 

(a)  Cash  bonus. 

2.  Area  as  determined  by  the  Secretary. 

3.  Term  is  10  years  and  so  long  thereafter  as  sulfur  is  produced  in 

paying  quantities  or  drilling  conducted. 

4.  Royalty  as  determined  by  the  Secretary  but  not  less  than  5  pet  of  the 

gross  production  or  value  at  the  wellhead. 

5.  Rental  as  prescribed  by  the  Secretary. 

C.  Other  minerals  —  competitive  bidding. 

1.  Sealed  bid. 

2.  Area  as  prescribed  by  the  Secretary  at  the  time  of  offering  the  area 

for  lease. 

3.  Term  as  prescribed  by  the  Secretary  at  the  time  of  offering  the  area 

for  lease. 

4.  Royalty  as  prescribed  by  the  Secretary  at  the  time  of  offering  the 

area  for  lease. 
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5.   Rental  as  prescribed  by  the  Secretary  at  the  time  of  offering  the 
area  for  lease. 

The  BLM  has  been  designated  to  administer  leasing  regulations  on  the 
public  lands  of  the  OCS.   The  Code  of  Federal  Regulations  (CFR),  Title  43, 
part  3380,  describes  the  functions  of  the  BLM  in  regard  to  these  lands. 
Official  maps  of  the  OCS  are  prepared  by  the  BLM,  and  normally  are  made  to 
conform  as  nearly  as  possible  to  the  method  of  tract  designation  used  by  the 
adjoining  State.   The  area  of  a  tract  offered  for  lease  may  not  exceed  5,760 
acres. 

The  Secretary  of  the  Interior  was  authorized  by  the  OCS  Lands  Act  to 
issue  leases  for  minerals  in  submerged  lands  of  the  OCS.   Helium  ownership 
rights,  however,  are  exclusively  for  the  U.S.  Government.   Leases  are  issued 
at  the  Secretary's  discretion.   The  USGS  and  BLM  furnish  recommendations  to 
the  Secretary  in  the  lease  sale  planning  process.   Normally,  when  enough 
interest  has  been  expressed  in  leasing  any  particular  offshore  area,  a  call 
for  nominations  in  a  specified  area  is  made.   However,  from  time  to  time  the 
Director  of  BLM  may  issue  calls  for  the  submission  of  requests  for  mineral 
lease  offerings  in  specified  areas.   Requests  to  bid  on  specified  areas  should 
be  made  to  the  Director  of  BLM,  Washington,  D.C.,  with  a  copy  furnished  to  the 
appropriate  Oil  and  Gas  Supervisor  of  the  USGS.   Specific  tracts  to  be  offered 
for  lease  from  within  the  area  opened  for  nominations  are  selected  by  the  BLM 
and  USGS.   Then  a  notice  of  lands  for  lease  is  published  in  the  Federal 
Register  and  other  publications  (the  Federal  Register  is  the  official  publica- 
tion) at  least  30  days  prior  to  the  sale.   The  notice  establishes  the  place, 
date,  and  the  hour  for  opening  of  the  sealed  bids.   The  notice  may  also  set 
special  conditions  applicable,  and  these  may  become  part  of  the  terms  of  the 
leases. 

Further,  a  separate  bid  must  be  submitted  for  each  desired  tract,  and 
must  be  accompanied  by  one- fifth  of  the  bonus.   This  amount  may  be  in  the  form 
of  a  certified  or  cashiers  check,  bank  draft,  money  order,  or  cash.   If  an 
individual  is  bidding,  a  statement  of  citizenship  must  be  included;  whereas  if 
the  bidder  is  an  association  or  organization,  proof  of  organization  (or  appro- 
priate reference  to  same  if  already  on  file  with  the  BLM),  and  authority  for 
person  or  persons  officiating  for  the  group  is  required. 

Leases  are  awarded  to  the  highest  qualified  bidder  if  it  is  determined  by 
the  BLM  that  it  would  be  in  the  public  interest  to  do  so.   These  contracts 
specify  an  agreement  for  a  5-year  term,  and  are  maintained  in  force  as  long  as 
oil  or  gas  may  be  produced  in  paying  quantities,  or  approved  drilling  or 
reworking  operations  are  conducted.   In  the  event  of  a  high-bid  tie,  15  days 
are  allowed  in  which  to  accept  the  lease  jointly  or  the  bid  is  considered 
rejected.   If  the  United  States  does  not  accept  the  high  bid  within  30  days 
after  the  date  on  which  the  bids  were  opened,  it  is  considered  rejected  and 
the  deposit  returned.   If  the  lease  is  awarded,  the  balance  of  the  bonus  (four- 
fifths),  and  the  stated  first  year  rental  are  due  within  30  days.   Failure  of 
the  lessee  to  return  the  leases,  balance  of  bonus  and  rental  within  the  pre- 
scribed time  results  in  forfeiture  of  the  bonus  submitted  with  the  bid. 
Lessee  or  operator  surety  bonds  of  $15,000  must  be  furnished  for  each  lease 
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acquired;  however,  this  is  not  necessary  on  each  lease  received  if  a  $100,000 
surety  bond  has  been  posted  with  the  BLM,  or  supplied  at  the  time  of  comple- 
tion of  issuance  of  lease.   As  stated  in  Section  A,  subpart  lb  of  this 
appendix,  the  bid  may  be  on  the  basis  of  royalty  with  fixed  bonus.   Although 
this  procedure  of  royalty  bidding  is  permitted  under  the  law,  all  leasing  to 
date  has  been  by  bonus  bidding. 

Leases  normally  become  effective  on  the  first  day  of  the  month  following 
the  bid  openings.   However,  upon  request,  the  lease  may  be  made  effective 
retroactive  to  the  first  day  of  the  month  in  which  the  bid  opening  was  held. 
Drilling,  production,  or  reworking  of  a  well  directionally  drilled  under  a 
tract  from  an  adjoining  tract  maintains  the  lease. 

Prescribed  rental  is  due  in  advance  on  the  first  day  of  the  lease-year. 
Specified  minimum  royalty  is  to  be  paid  at  the  end  of  the  lease-year  in  which 
a  discovery  was  made.   Royalty  on  production  is  paid  on  a  monthly  basis.   Pay- 
ments of  royalty  and  rental  are  made  to  the  United  States  through  the  regional 
Oil  and  Gas  Supervisor  of  the  USGS,  and  filing  charges,  bonuses,  and  first 
year  rental  are  made  to  the  appropriate  BLM  field  office  (unless  otherwise 
directed  by  the  Secretary). 

The  New  Orleans  BLM  office  is  the  office  of  record  for  leases  and  all 
assignments  and  relinquishments  effecting  record  title  must  be  filed  there  for 
approval  or  acceptance.   Correspondence  should  be  to:   Manager,  Outer  Continen- 
tal Shelf  Land  Office,  Bureau  of  Land  Management,  P.O.  Box  53226,  New  Orleans, 
La.  70150.   All  accrued  rental  and  royalty  must  be  paidi  however,  and  well  or 
other  structures  abandoned  to  the  satisfaction  of  the  Oil  and  Gas  Supervisor 
of  the  USGS. 

The  USGS  administers  the  regulations  pertaining  to  oil,  gas,  and  sulfur 
operations  in  the  OCS.   These  functions  include  the  regulating  of  drilling  and 
production,  rental  and  royalty  collection  (an  exception  is  noted  earlier), 
field  hearings  and  rules,  well  and  other  structure  abandonment,  and  other 
duties.   Detailed  information  on  the  USGS  role  in  the  offshore  areas  may  be 
found  in  Title  30,  part  250,  Chapter  II,  of  the  CFR.   Other  functions  of  the 
USGS  may  be  found  in  Title  30,  part  3380,  Chapter  II,  of  the  CFR. 

The  OCS  Lands  Act  authorizes  the  Secretary  to  prescribe  rules  and  regula- 
tions applicable  to  operations  conducted  under  a  lease  issued  or  maintained 
under  the  provisions  of  the  Act.   The  USGS  is  charged  with  enforcing  the  pre- 
scribed rules  and  regulations  to  prevent  waste  and  conserve  natural  resources 
of  the  OCS,  including  the  suspension  of  production  if  necessary. 

No  royalty  or  rental  is  due  during  a  suspension  of  production  authorized 
by  the  Director  of  the  USGS.   However,  should  the  lessee  request  suspension 
and  approval  is  given,  the  lease  is  effectively  held  inactive  (does  not 
expire),  but  payment  of  royalty  or  rental  continues.   Regardless  of  who  calls 
for  suspension  no  expiration  occurs,  but  in  fact  the  lease  is  extended  for  a 
period  generally  equal  to  the  time  of  suspension.   A  lessee  may  be  granted  a 
maximum  of  5  years  of  suspension  at  any  given  time  when  production  is  from  a 
gas  well,  shut  in  for  lack  of  transportation. 
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Provisions  are  further  specified  in  the  CFR  for  the  Director  of  the  USGS 
to  allow  a  reduction  of  specified  rental  or  royalty  rates  when  continued  oper- 
ation under  the  original  terms  are  shown  to  be  impractical.   In  such  cases 
detailed  statements  of  expenses  and  income  must  be  appropriately  filed. 

Subsurface  storage  of  hydrocarbons  to  avoid  waste  and  promote  conserva- 
tion is  permitted,  with  approval  of  the  Secretary,  when  it  can  be  shown  that 
no  undue  interference  with  operations  under  existing  leases  will  result.   Any 
lease  of  an  area  used  for  the  storage  of  oil  or  gas  shall  not  be  deemed  to 
expire  during  the  period  of  such  storage  and  so  long  thereafter  as  oil  or  gas 
not  previously  produced  is  produced  in  paying  quantities  or  approved  drilling 
or  reworking  operations  are  being  conducted. 


APPENDIX  C. --SALIENT  DATA  FOR  GULF 
TABLE  C-l.  -  Louisiana 


Grand   Isle. 


Half  Moon  Lake. 
Hog  Bayou  (Offs 
Lake  Athanasio. 


3/54 
8/65 
6/63 
8/51 
10/64 
6/47 
6/47 
2/60 


3/48 
7/54 
8/59 
6/47 
7/47 


3/62 
7/55 
3/62 

11/52 
3/59 

11/48 
8/48 

11/46 


10/54 
10/54 
10/54 


7/55 
3/62 
3/62 
9/46 

9/46 
3/59 
4/47 
6/48 


e  Charles 


4/65 
7/53 

11/66 
8/49 
1/54 

12/63 
4/62 
5/58 


6/62 
4/38 
4/58 
11/58 
5/65 
7/58 
6/58 


5/58 
5/60 

10/56 


3/60 
12/64 
6/66 

5/59 

8/48 
5/66 
10/65 
11/61 


6/66 
9/63 
1952 
6/54 


26,813,484 


221,502 
247,615 


,738,363 
,284,696 
618,793 


6,068,474 
214,673 


67,835, 
9,529,. 


616,781 

1,541,789 
1,059,717 
7,524,189 


OF  MEXICO  OIL  AND  GAS  FIELDS  TO  1967 
oil  and  gas  field  data 


Cumulative  production,  Jan.  1,  1967 

Wells,  February  1968 

Production  transportation— 

Ref . 

Crude  oil, 

Condensate, 

Casinghead 

Natural  gas, 

erence 

bbl 

Ras,  Mc£ 

Mcf 

Oil 

Gas 

179,003,728 

482,073 

102,692,917 

45,452,172 

244 

34 

65 

Two  4-in.,  6-in.,  6-in. (proposed) ,  two  10-in.  f/l's  to 

1 

67,095 

1,307 

54,609 

674,456 

(5/) 

<5/> 

<5/> 

2 

1,046 

(10 

(5/> 

(5/) 

3 

257,208 

284,458 

(A/> 

(5/) 

(5/) 

12- in.  P/L  to  Breton  Sound  36;  barge. 

4 

10,389,655 

68,957 

4,742,763 

23,569,801 

(5/) 

(5/) 

(5/) 

5 

6,072 

3,163 

(5/) 

(5/) 

(5/) 

Do. 

6 

4,760 

579,122 

4,201,412 

(5/) 

<5/> 

(5/) 

Do. 

7 

28,353 

85,078,536 

(5/> 

(5/> 

<5/) 

12- in.  P/L  to  shore. 

8 

1,692 

54,613 

(5/) 

(5/) 

(5/) 

9 

273,424 

304,885 

(5/) 

(5/) 

C5/) 

Barge . 

10 

2,307 

3,879,419 

(I/) 

<5/> 

(5/) 

11 

28 

940,151 

(5/) 

(5/) 

(5/) 

12 

5,541,036 

4,661 

5,335,734 

883,163 

(5/> 

(5/) 

(5/) 

13 

1,161,002 

55,434,251 

2 

12-ln.  P/L  to  shore. 

14 

482,173 

908,809 
9,859 

2,215,156 

53,816,807 
779,449 

\ 

I 

3 

I 

Two  12-in.  P/L  to  shore;  barge. 

15 
16 

703 

50,251 

(5/) 

(5/) 

(5/) 

(5/> 

17 

5,070 

67,860,017 

4 

11 

10 

16-in.  P/L  to  platform  in  East  Cameron  62-64  fields  area; 
26-in.  P/L  to  shore  from  platform  services  both  fields, 
and  West  Cameron  192  field. 

18 

94,644 

5,674,224 
319,909 

96,931 

292,788,535 
92,984,375 

36 

8 

7 

Two  12-in.,  16-in.  P/L's  to  platform;  barge;  (26-in.  P/L, 

see  East  Cameron  62) . 
12-in.  P/L  to  Vermilion  46  field;  16-in.  P/L  to  platform 

in  East  Cameron  62-64  fields  area;  barge. 

19 

1,225 

810,335 

4 

10 

5 

6-in.  P/L  to  East  Cameron  71  (proposed);  barge. 

21 

175 

224 

2,400 
960 

" 

5 

7 
1 

22 
23 

3,304,679 

37,338 

3,749,117 

8,880,628 

(I/) 

(5/> 

(5/> 

(5/) 

Barge. 

24 

46 

3,622 

(I/) 

(5/) 

(5/) 

(5/) 

25 

22,054,986 

270,734 

41,975,955 

17,174,281 

36 

2 

16 

9 

10-in.  P/L  to  shore;  barge. 

26 

7,935,289 

6/4,885,248 

22,432,171 

523,798,501 

17 

12 

12 

20-in.  P/L  to  shore;  barge. 

27 

5,110,380 

47,877 

4,898,435 

14,365,826 

7 

12 

3 

12-in.  P/L  to  shore;  14-in.  P/L  to  Eugene  Island  32; 

28 

" 

30,578 

2,244,614 

1 

3 

1 

4^-in.  P/L  to  Eugene  Island  32  via  tie-in  to  14-in. 
P/L. 

29 

88,477 

104,216 

129,621 

6,111,316 

3 

8 

1 

30 

5,319,570 

50,662 

12,178,763 

1,086,969 

11 

3 

12 

8 

4-in.  F/L  to  Eugene  Island  45  via  tie-in  to  12-in.  F/L; 
6-in.  F/L  to  shore  via  tie-in  to  20-in.  F/L;  barge. 

31 

1,819,470 

381,363 

3,342,826 

16,700,784 

39 

22 

Barge . 

32 

46,031,075 

101,732 

36,944,809 

4,106,473 

65 

22 

25 

12-in.  F/L  to  Eugene  Island  45;  16-in.  P/L  to  Ship  Shoal 
28  (pickup  at  Ship  Shoal  32);  barge. 

33 

20,467,846 

363,976 

32,205,872 

8,129,592 

40 

1 

27 

27 

10-in.  F/L  to  Eugene  Island  126;  16-in.  P/L  to  Eugene 
Island  126;  20-in.,  24-in.  (proposed)  P/L's  to  shore; 

34 

1,663,363 

218 

2,645,857 

4,929 

2 

18 

15 

Barge . 

35 

34,221 

414,968 

84,180 

18,162,903 

2 

9 

6 

14-in.  P/L  to  Eugene  Island  128;  barge. 

36 

9,343,728 

245 

10,723,113 

150,074 

39 

30 

14 

12-in.  P/L  to  Eugene  Island  175  (proposed);  12-in.  P/L 
to  Eugene  Island  77  (proposed);  16-in.  P/L  to  Ship  Shoal 
28  (proposed);  barge. 

37 

85,174 

354,222 

87,422 

8,005,352 

3 

7 

8 

3 

6-in.  F/L  to  Eugene  Island  175;  20-in.  P/L  to  shore 
(proposed);  barge. 

38 

6,555,264 

16,096 

4,643,996 

251,390 

22 

24 

25 

6-in.  F/L  to  Eugene  Island  126;  barge. 

39 

1,023,276 

942,149 

18 

8 

40 

691,491 

890,878 

48 

23 

13 

12-in.  P/L  to  Eugene  Island  188  (proposed);  barge. 

41 

65,761,886 

95,757 

48,007,230 

5,206,206 

162 

1 

83 

77 

10-in.,  16-in.  F/L  and  12-in.  P/L  to  shore;  6-in.,  two 
10-in.  F/L's  to  Grand  Isle  18. 

42 

23,704,321 

11,515,550 

23 

19 

26 

6-in.  F/L  to  Grand  Isle  16;  10-in.  P/L  to  shore. 

43 

7,985 

1,556,789 

(5/) 

(5/> 

<5/> 

(5/) 

Barge . 

44 

715,579 

1,226,091 

11 

5 

3 

6-5/8-ln.  F/L  to  Grand  Isle  47;  barge. 

45 

15,236,266 

28,657 

15,180,643 

1,337,717 

55 

17 

36 

10-in.  F/L  to  West  Delta  73;  16-in.  F/L  to  shore 
(proposed);  20-in.  P/L  to  shore;  barge. 

46 

34,619,192 

1,482,359 

56,556,413 

35,359,852 

33 

2 

15 

8 

12-ln.  F/L  to  West  Delta-Grand  Isle  43;  12-in.  F/L  to 
shore;  12-in.  P/L  to  Bay  Marchand  2;  barge. 

47 

3,560 

5,703 

1 

48 

806,511 

582,271 

<5/) 

(5/> 

(5/) 

(5/) 

Barge . 

49 

115,366 

6,603 

52,296,899 

<5/> 

(5/) 

<5/) 

(5/) 

50 

43,221 

25,612 

<!/> 

(5/) 

(5/) 

(5/) 

51 

Field 

Main  Pass 

...do 

...do 

...do 

...do 

...do 

...  do 

...do 

...do 

Mound  Point. . . 

Pass  Wilson... 
Rabbin  Island. 
Ship  Shoal 

...do 

...do 

...do 

...do 

...  do 

...  do 

..  .do 

...  do 

South  Marsh  Is 
. . .do 

. . .do 

South  Pass 

...  do 

...do 

Tiger  Shoal... 

Timbalier  Bay. 
Timbalier,  Sou 

...do 

...do 

...do 

...do 

...do 

...do 

...do 

footnotes  at  e 


New  Orleans 


.295,548 
535,753 
,116,258 


18,380 
3,377,155 
86,748 
25,281 
5,358 

7,499 


1,009,074 
46,041 
1,238,023 
3,153,026 
470,775 
1,623,121 
4,215,733 

35,060 


98,265, 

3,517, 

2,145, 

359, 


35,079,978 


491,21 

22,998 
,916,737 
,576,994 


24,081 
6,313 
13,315 


535,626 


Cumul 

Kive  product! 

n,  Jan.  1,  1967 

Wells,  February  1968 

Production  transportat ion-i 

Ref- 

Crude oil, 

Condensate, 

Casinghead 

Natural  gas, 

erence 

bbl 

Oil 

Gas 

Other 

56,698 

296,365 

417,545 

20,139,207 

(5/) 

(5/) 

(5/) 

<5/) 

10-in.,  30-in.  F/L  to  shore  (see  Tiger  Shoal  and  Mound 

Point  fields). 
24- in.  P/L  to  shore  (proposed);  barge. 

52 

1,306,651 

629,083 

5 

2 

2 

3 

53 

5,663 

6,051 

(I/> 

(5/) 

(5/) 

(5/) 

54 

250,531 

1,163 

167,118 

1,960,826 

(5/) 

(I/) 

(5/) 

(5/) 

55 

5,474 

12,806 

(5/) 

(5/) 

(5/) 

(5/) 

56 

722,916 

1,676 

407,358 

507,698 

(5/) 

(5/) 

(5/) 

(5/) 

Barge . 

57 

715,026 

166,301 

(5/) 

C5/) 

(I/) 

(5/) 

Do. 

51,379,271 

212,756 

37,404,667 

18,395,615 

(5/) 

(5/) 

(5/) 

(5/) 

59 

14,453,717 

8 

14,923,569 

14,849,015 

151 

14 

26 

14 

6-in.  F/L  to  Main  Pass  69;  12-in.  P/L  to  Mississippi; 
14-in.  P/L  to  shore. 

60 

1,463 

2,535 

(5/) 

CI/) 

(5/) 

(5/) 

61 

761,622 

3,949,049 

12,315,738 

(5/) 

(5/) 

(5/) 

(5/) 

8-in.  P/L  to  shore;  barge. 

62 

729,978 

1,089,740 

3,832,177 

88,566,955 

(5/> 

(5/) 

(5/) 

(5/) 

63 

102,057,467 

89,865 

87,110,731 

82,212,106 

1,833,991 

8,784 

1,069,241 

2,183,047 

(5/) 

(£/> 

(5/) 

(5/) 

8-in.  liquid  F/L  to  shore  via  tie-in  10-in.  liquid  F/L 
from  Tiger  Shoal;  16-in.  F/L  to  shore  via  tie-in 
30-in.  Tiger  Shoal  F/L. 

65 

1,652,199 

87,903 

1,343,100 

5,460,206 

(5/) 

<!/> 

(5/) 

(5/) 

Barge. 

66 

1,540,277 

1,027,792 

5,819 

(5/> 

(5/) 

(5/) 

(5/) 

Do. 

67 

97 

9,203,370 

268,185,380 

29 

3 

15 

Two  16-in.  P/L  to  shore;  16-in.,  20- in.  P/L's  to  shore 
(proposed) ;  barge. 

68 

905,914 

415,563 

149,530 

11,477,484 

2 

6 

7 

6-in.  P/L  (see  Eugene  Island  126);  barge. 

85,899 

14,499 

99,036 

(5/) 

(5/) 

(5/) 

(5/) 

70 

3,478,881 

230,602 

2,607,330 

16,134,602 

3 

5 

10 

14-in.  P/L  to  Ship  Shoal  28;  barge. 

71 

16,943,485 

16,426,503 

- 

35 

15 

3 

Barge . 

72 

1,689,736 

74,692 

2,187,606 

4,548,256 

24 

6-in.  P/L  to  Ship  Shoal  72;  barge. 

73 

896,336 

65 

3,232,316 

1,570 

8 

14,236,805 

6,842,969 

224,492 

34 

57 

27 

Barge . 

75 

520,682 

50,281 

326,211 

4,077,578 

3 

13 

25 

10-in.  P/L  to  Ship  Shoal  72. 

76 

6,150,946 

5,303,691 

20 

12 

15 

6-in.  F/L  to  Eugene  Island  208;  barge. 

77 

9,405,865 

8,057,012 

41 

1 

12 

16 

10-in.  P/L  to  Ship  Shoal  169  (proposed);  barge. 

78 

287,355 

470,775 

79 

3,252,997 

3,450,143 

27 

33 

19 

12-in.  P/L  to  shore. 

80 

2,424,314 

3,267,631 

7,924,036 

128,445,182 

9 

13 

8 

8 

16-in.  P/L  to  Eugene  Island  128;  20-in.  P/L  to  Eugene 
Island  128  (proposed);  barge. 

81 

53,897 

35,060 

3 

Barge. 

82 

153,732 

9,768,328 

18 

16-in.  P/L  to  South  Marsh  Island  23  (proposed);  barge. 

83 

2,257,904 

2,878,381 

53 

4 

52 

18 

10-in.  P/L  to  South  Marsh  Island  6  (proposed);  12-in.  P/L 
to  Eugene  Island  175;  20-in.  P/L  to  Eugene  Island  198 
(proposed);  barge. 

84 

68,618 

8,560 

288,614 

473,386 

(5/) 

(5/) 

(5/) 

(5/) 

85 

699,772 

515,839 

1,750,383 

21,497,957 

(5/) 

(5/) 

(5/> 

(5/) 

86 

3,310,361 

(5/) 

(5/) 

(5/> 

<5/) 

87 

195,510,178 

787,238 

225,683,732 

27,215,705 

(l/> 

(5/) 

(5/) 

(5/) 

Barge. 

88 

3,204,884 

(5/) 

(5/) 

(5/) 

<£/) 

110,778,020 

430,954 

187,841,453 

68,242,897 

327 

23 

29 

Three  8-in.,  two  12-in.,  16-in.  F/L's  to  shore. 

90 

12,131,968 

(5/) 

(5/) 

(5/> 

(5/) 

91 

6,173,318 

(5/) 

(5/) 

(5/) 

(5/) 

92 

5,265,383 

11,866,453 

6,941,398 

28 

28 

8-in.  P/L  to  Ship  Shoal  72;  barge. 

1,649,395 

1,945,615 

11 

14 

3 

94 

5,496,906 

374,533 

5,556,377 

28,141,845 

(5/) 

(5/) 

<5/> 

(5/) 

10-in.  liquid  F/L,  30-in.  F/L  to  shore  (with  tie-in  from 

95 

Lighthouse  Point  and  Mound  Point  fields) . 

40,271,604 

25,704 

59,099,454 

114 

11 

20 

Two  6-in.  F/L  to  shore;  10-in.  P/L  to  shore. 

96 

4,173 

5,221 

614 

(5/) 

(5/) 

(5/) 

(5/) 

97 

172,949 

89,973 

21 

5 

34,340 

40,583 

(5/) 

(5/> 

(5/) 

(5/) 

99 

2,350,400 

1,700,365 

2,294,346 

41,556,900 

7 

9 

19 

29 

10-in.  P/L  to  Grand  Isle  16  (proposed);  12-in.  P/L 

100 

1,126,036 

51,474 

1,171,319 

2,102,814 

13 

10 

101 

11,843,915 

10,063,992 

967,401 

50 

24 

9 

18-in.  F/L  to  shore;  22-in.  F/L  to  West  Delta  41. 

26,254,916 

13,315 

32,466,899 

667,434 
8,903 

94 

5 

15 

34 
6 

16-in.  F/L  to  Timbalier,  South  131;  22-in.  F/L  (proposed) 
to  Timbalier,  South  131. 

103 

104 

983,523 

1,733,356 

189 

27 

21 

27 

14-in.  F/L  to  Timbalier,  South  135;  barge. 

105 

Charles,  No.  3 


;  Chapman  Line  den 
depth  shallow;  no 
les  25,825  bbl  of 
id/or  gas  flowline 

den 

by 

ICL 

ed 
by 

F/L. 

ica 

con 

and/ 

ies  172,479  bb 

1  of 

cal 

cul 

ted 

theoretical  Co 

gas  pipeline  den 


siana  Department  of  Conservation.   Annual  Oil  and  Gas  Report 
Department  of  Commerce,  Coast  and  Geodetic  Survey. 
Geological  Survey,  Gulf  Coast  Region. 


40, 
195, 

1,373, 

20,851, 

3,620, 


250,857 

39,976 

211,857 
207,174 
237,312 
62,898 
29,564 
76,622 
238,867 

5,568,302 

255,558 


183,213, 
12,617, 


129,219 

6,859,834 

10,701,836 

859,954 

4,574,622 


and  Ras    field   data--Continued 


Cumul 

atlve  roducti 

n,  Jan.  1,  1967 

We 

lis,  February  1968 

Production  transportat  lon*- 

Ref- 

Crude oil, 

Condensate, 

Castnghead 

Natural  gas, 

erence 

bbl 

bbl 

Ras,  Mcf 

Gas 

316 

9,924,203 

429,866,007 

37 

14-in.,  16-ln.  P/L's,  20-ln.  F/L  to  shore;  barge. 

107 

1,444,601 

10,294,756 

(5/) 

(5/) 

(5/) 

(5/) 

Barge. 

108 

3,275,273 

619,563,635 

17 

3 

8-in.,  10-in.  P/L's  to  shore. 

109 

3,667 

376,812 
108,522 

3,355 

26,986,886 
22,149,620 

8 

; 

3 

16-ln.  P/L  to  shore;  4-in.,  6-in.  P/L  tie-ins  (see 

Vermilion  76  field);  barge. 
16-in.  P/L  to  Vermilion  76. 

110 

657,559 

315,604,338 

25 

10 

3 

16-in.,  20-ln.  P/L's  to  shore  (through  Vermilion  46  with 
pickups) ;  barge. 

112 

408,971 

19,329,845 

3 

10-in.  P/L  to  Vermilion  76. 

113 

2,833,751 

2,421,689 

1 

13 

6 

Barge . 

114 

185,804 

6,607,980 

1 

6 

6-in.  P/L  tie-in  (see  Vermilion  131);  barge. 

115 

1,096,811 

51,099,453 

9 

5 

16-in.  P/L  to  Vermilion  76  (through  Vermilion  129  with 
pickup);  barge. 

116 

162,817 

92,017 

3,000 

18 

3 

Barge . 

117 

1,718,835 

1,324,459 

22 

29 

5 

Do. 

118 

37,545 

28,629 

7 

Do. 

119 

16 

200 

(5/) 

(5/) 

(I/) 

(5/) 

120 

250,857 

36,173,640 

8 

6-in.,  18-in.  F/L's  to  shore. 

121 

41,392 

(5/) 

(5/) 

(5/) 

(5/> 

122 

95,382 

349,076 

52,884 

25,433,725 

2 

2 

3-in.,  12-in.,  20-in.  P/L's  to  shore. 

123 

42,912 

8,417,064 

5 

16-in.  P/L  to  shore. 

124 

4,888,337 

2,542,017 
1,008,780 

17,273,665 

153,047,305 
42,405,101 

" 

" 

13 

7 

2 

6-in.,  8-in.,  16-in.  P/L's  to  shore;  barge. 
12-in.  P/L  to  shore. 

125 
126 

55,412 

385,812 

203,164 

26,173,394 

8 

1 

16-in.  P/L  to  shore  (proposed);  barge. 

127 

323,070 

511,002 

2,795,074 

70,016,536 

16-in.  P/L  to  West  Cameron  40. 

128 

42,081 

24,009,770 

16 

9 

4 

12-in.  P/L  to  West  Cameron  71  (proposed);  barge. 

129 

40,455 

76,622 

24,172 

7,442,283 

10 

2 

13 

12-in.  P/L  to  West  Cameron  192  (proposed);  barge. 

130 

985,231 

2,570,656 

1,113,377 

288,875,530 

28 

15 

16 

20-in.  P/L  to  platform  in  East  Cameron  62-64  fields 

131 

7,447,767 

9,468,860 

4,897,404 

315,746,099 

7 

12 

8 

9 

6-in.  F/L  to  West  Delta  30;  12-in.,  20-in.,  26-in.  F/L's 

132 

121,202,771 

299,628 

110,150,155 

14,713,819 

275 

6 

85 

103 

Two  6-in.,  10-in.  F/L's  to  shore;  three  12-in.  P/L's  to 

133 

5,884,209 

8,927,060 

38 

8 

3 

8-in.  F/L  to  West  Delta-Grand  Isle  43;  16-in.  F/L  to 
shore;  26-in.  F/L  through  West  Delta  30  to  shore; 
barge . 

134 

5,981,609 

52,816 

7,171,979 

1,017,863 

(5/) 

<5/) 

(5/) 

(5/) 

135 

6,467,418 

4,102,041 

7,021,780 

67,065,508 

(5/) 

(5/) 

(5/) 

(5/) 

136 

101,905 

51,743,707 

(5/) 

(5/) 

(5/) 

(5/) 

137 

622 

3,796,800 

3 

1 

138 

2,158,976 

28,832,352 

6 

3 

5 

12-in.  P/L  to  platform  in  West  Delta  54  to  tie-in  with 
P/L  to  shore. 

139 

157,044 

1,295,529 

1,445,986 

16,520,406 

1 

2 

2 

12-in.  P/L  to  West  Delta  58. 

140 

18,738,228 

100 

17,167,116 

5,741 

116 

8 

13 

12-in.  P/L  to  Grand  Isle  18;  16-in.  F/L  to  Grand 
Isle  16. 

141 

17,711,384 

245,729 

34,911,492 

7,717,032 

(5/) 

(5/) 

(5/> 

(5/) 

142 

2,980,153 

6,272 

8,026,287 

125,309 

(5/) 

(5/) 

(5/) 

(5/) 

143 

1,776,594 

2,216,614 

39 

2 

12 

13 

12-in.  P/L  to  West  Delta  30  (through  West  Delta  64  and 
73  fields);  18-in.  P/L  to  shore  (proposed). 

144 

726,407 

902,041 

6 

12 

20 

4-in.  F/L  to  West  Delta  73;  10-in.  F/L  to  West  Delta 
41  (proposed) . 

145 

138,789 

115,666 

17 

34 

12 

8-in.  P/L  to  West  Delta  105;  18-in.  P/L  to  West 
Delta  105  (proposed). 

146 

238 

173 

3,122 

(5/) 

(5/) 

(5/) 

^ 

147 

Texas  oil  and  gas  field  data 


Tract 
block 


County  and  Railroad 

Commission  District 

number 


Lease 
date 


First 
produc- 
tion 


Approxi- 
mate water 
depth,  ft 


Crude 
oil, 


Casing- 
head 
gas,  Mcf 


Natural 
gas,  Mcf 


Caplen  (4650  Miocene). . . 

Chevron 

Cowtrap  (2450  and  2700). 

Federal 

Galveston 

GOM 

GOM  (Frio  7800  and  8200) 

High  Island 

Do 


Do. 


405 

440 
446 
519-S 


189 

ST-83-S 

ST-904 

10-L 

52 

160 


Matagorda,  No.  3. 
..do 


.do. 


.do. 


Galveston,  No.  3 
Kleberg,  No.  4.. 
Brazoria,  No.  3. 
Galveston,  No.  3 
..do 


..do 

Nueces,  No.  4. 
Jefferson,  No. 
..do 


.do. 


Kain  (G-3,  G-7,  G-12, 

H-l  Sd,  Miocene  L,  and 

L  Central ). 

McFaddin  Beach  Dome 

Mustang  Island 

Sabine  Pass  (K-l 

Miocene,  7200). 
Sargent,  South  (Miocene 

3250  and  4100). 
Sprint  (Marg) 


Matagorda,  No.  3. . . 

Jefferson,  No.  3. . . 

Nueces,  No.  4 

Jefferson,  No.  3. . . 

Matagorda,  No.  3. . . 

Kleberg,  No.  4 


5/64 
2/65 


2/60 

5/64 
12/53 
12/53 
11/54 

2/60 
12/53 


9/66 

11/66 
4/64 

10/66 
1939 

11/54 
2/53 
2/64 
4/55 
7/64 
3/57 
3/55 

12/59 
6/61 
7/54 


12/56 
1/55 
10/58 

1/56 

11/54 


Shu 


Shut  in 

Shut  in 

Shut  in 

6/65 

1954 

1961 

1965 

4/55 

Shut  in 

1963 

1959 

Shut  in 

Shut  in 

1959 


Shut  in 
1956 
1958 

1956 

1958 


2/8,239 
103,543 


364,903 
885 


40,291 
6,852 


(1_/) 
(J./) 
(1/) 
(1/) 
(1/) 
(1/) 
(1/) 
U/) 

(1/) 

U/) 

a/) 
a/) 
a/) 
a/) 
(i/) 


(i/) 

a/) 
(i/) 


.1,704,448 
37,801,189 


1,815,243 
1,860,580 


2,763,193 

4,533,850 

312,344 
450,091 


Cumulative  production,  Jan 


Crude  oil,  Condensate,  Casinghead  Natural  gas, 
bbl         bbl      gas,  Mcf       Mcf 


Brazos. 
Do... 
Do... 


Do. 


Caplen  (4650  Miocene)... 

Chevron 

Cowtrap  (2450  and  2700). 

Federal 

Galveston 

GOM 

GOM  (Frio  7800  and  8200) 

High  Island 

Do 

Do 

Kain  (G-3,  G-7,  G-12, 

H-l  Sd,  Miocene  L,  and 

L  Central). 

McFaddin  Beach  Dome 

Mustang  Island 

Sabine  Pass  (K-l 

Miocene,  7200). 
Sargent,  South  (Miocene 

3250  and  4100). 
Sprint  (Marg) 


13,306 
2,979,926 

364,903 
28,313 


62,634 


160,296 
53,081 


L, 117,020 


21,563 
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(i/) 
(i/) 
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(i/) 
a/) 
a/) 
a/) 
(i/) 
(i/) 
a/) 
(i/) 
a/) 
(j,/) 
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(i/) 

(i/) 


(i/) 
(i/) 


96,053. 

1,288. 

37,824] 

38. 

7,058. 
13,366, 


33,011,932 
90,104 


2,950,333 
4,110,850 


Wells,  February 


(4/) 
(4/) 
(4/) 
(4/) 
(4/) 
(4/) 
(4/) 
19 
1 
(4/) 
(4/) 
(4/) 
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(4/) 
(4/) 

(4/) 

(4/) 


(4/) 
(4/) 
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(4/) 
(4/) 
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20-in.  P/L  to  shore. 


.  F/L  to  shore. 
F/L  to  shore. 
.  P/L  to  shore. 


1_/  All  gas  production  included  in  Natural  Gas. 

2/  Transferred  from  Caplen  field,  June  1965. 

3/  Oil  and/or  gas  flowline  denoted  by  F/L.   Oil  and/or  gas  pipeline  denoted  by  P/L. 

4/  Data  not  available. 
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DESIGN   OF   DAMS   FOR  MILL   TAILINGS 
by 

C.  D.  Kealy1  and  R.  L.  Soderberg  ' 


ABSTRACT 

The  Bureau  of  Mines  studied  tailings  disposal  problems  at  mines  through- 
out the  United  States  to  identify  design  principles  that  can  be  applied  to  all 
types  of  dams  for  mill  tailings.   Computer  programs  for  stability  analysis  and 
phreatic  waterline  estimation  are  also  reviewed  in  this  circular,  which  pre- 
sents the  Bureau's  recommendations  for  constructing  effective,  long- lasting 
tailings  dams. 

INTRODUCTION 

More  than  ever,  public  opinion  is  demanding  the  design  of  stable  embank- 
ments as  part  of  tailings  disposal  systems  to  aid  in  abating  air  and  water 
pollution.   Even  though  many  areas  have  no  restrictions  requiring  industry  to 
impound  its  tailings,  great  interest  has  been  generated  through  universities, 
industry,  and  Government  in  developing  sound  engineering  principles  regarding 
disposal  problems.   In  some  areas,  attempts  are  already  being  made  to  prevent 
mine  operations  from  starting  because  of  the  probable  damage  to  local  esthetic 
values.   Because  abandoned  disposal  areas  are  the  land  owner's  liability  when 
the  mine  has  been  exhausted,  and  must  be  a  paramount  consideration  of  planning 
groups  that  look  50  years  hence  at  land  disposition  requirements,  disposal 
costs  and  methods  have  become  a  significant  mine  operations  problem. 

The  Bureau  of  Mines  initiated  a  project  concerned  with  the  design  of  a 
tailings  disposal  system  through  its  Heavy  Metals  Program.   The  information 
gathered,  which  includes  the  best  methods  for  construction  of  a  stable  struc- 
ture, maintenance  of  water  conservation,  control  of  air  and  water  pollution, 
and  provision  of  adequate  land  reclamation,  applies  generally  to  the  disposal 
of  all  conventional  mill  tailings.   The  solutions  offered  here  are  based  on 
theoretical  and  technical  data  from  field  studies  made  throughout  the  United 
States  and  on  the  application  of  various  soil  mechanics  techniques. 

Over  30  mines  were  visited,  and  studies  were  made  of  recent  advances  in 
soil  mechanics  methods  and  applications.   Some  of  the  practices  are  currently 
part  of  the  waste  disposal  technique  for  one  or  more  of  the  mines  visited. 

^■Mining  engineer,  Spokane  Mining  Research  Laboratory,  Bureau  of  Mines, 
Spokane,  Wash. 


Others  are  modifications  of  current  soils  engineering  practices.   While  these 
construction  principles  can  be  applied  to  all  types  of  mill  tailings  dams, 
each  area,  climate,  and  subsequent  use  requires  some  modification  in  the 
various  design  parameters.   Due  consideration  to  the  various  parameters  will 
result  in  a  stable,  functional  disposal  system,  constructed  and  maintained  at 
reasonable  cost. 

PRECONSTRUCTION  ENGINEERING 

With  any  type  of  major  dam  construction  a  complete  hydrology  study, 
including  a  determination  of  the  amounts  of  milling,  domestic,  and  excess 
water,  must  be  made  for  design  purposes.   Often  this  information  is  available 
at  no  cost  from  State  and  Federal  water  resource  agencies.   The  design  of  the 
dam  must  allow  for  the  total  natural  and  artificial  runoff,  so  that  when  the 
area  is  abandoned  the  water  can  pass  through  or  around  the  dam  without  soil 
erosion  or  undesirable  impoundment  occurring.   Any  decant  or  bypass  system 
required  to  move  the  water  through  or  around  the  abandoned  tailing  dam  should 
be  designed  so  that  maintenance  cost  is  negligible.   In  this  way  the  disposal 
system  does  not  become  a  liability  to  either  the  mining  company  or  the  public. 

Foundation  investigation,  the  next  critical  area  of  study,  can  be  accom- 
plished through  selective  drill-hole  soil  sampling  and  testing.   From  this 
information,  the  geologic  structure  of  the  substrata  can  be  predicted  as  well 
as  basic  foundation  data  (permeability,  density,  and  shear  strength  values). 
In  many  cases,  when  the  structure  is  failing,  these  substrata  design  values 
are  needed  before  effective  rectification  can  be  made.   Such  information  is 
inexpensive  to  obtain  and  worth  the  money  expended,  since  it  is  applicable 
both  to  embankment  stability  and  to  the  design  of  decant  lines  that  are  to  be 
constructed  in  the  base.   Numerous  failures  that  resulted  simply  because  soil 
conditions  under  the  original  structure  were  not  investigated,  have  led  to 
liability  suits.   One  reported  failure  caused  an  estimated  loss  of  between  $13 
and  $14  million  from  claims  and  damages,  owing  to  either  a  lack  of  engineering 
or,  more  probably,  the  failure  to  follow  the  engineering  design  as  specified. 
On  the  other  hand,  proper  engineering  can  eliminate  costly  overdesign  and 
superfluous  safety  factors. 

SOIL  SAMPLING  AND  TESTING  FOR  DESIGN  PARAMETERS 

When  developing  design  data  for  embankment  stability,  the  existing  tail- 
ings structure  as  well  as  any  tailings  structure  yet  to  be  constructed  must  be 
considered.   The  data  needed  to  determine  the  factor  of  safety  that  an  exist- 
ing structure  has  or  will  have  with  further  deposition  of  tailings  is  obtained 
from  in-place  samples.   These  readily  available,  undisturbed  samples  can  be 
obtained  with  numerous  soil  sampling  tools  (4).    It  is  distinctly  advanta- 
geous to  develop  such  data  while  the  representative  samples  are  available. 
After  the  sample  has  been  extracted  it  is  tested  in  the  laboratory  for  the 
required  design  parameters,  which  are  relative  density,  moisture,  shear 
strength,  consolidation,  and  permeability.   Figures  1  through  4  show  the 
laboratory  apparatus- 

2Underlined  numbers  in  parentheses  refer  to  items  in  the  list  of  references 
preceding  the  appendixes. 


FIGURE  1.  -  Direct  Shear  Apparatus. 

Access  to  an  existing  structure  is  also  essential  to  the  applicability  of 
in-situ  testing.   Radioactive  probes  are  being  used  to  obtain  density  and 
moisture  values  in  the  field.   Although  in-situ  vane  shear  testing  has  also 
been  tried,  such  values  have  not  been  completely  satisfactory.   The  standard 
penetrating  test  using  the  split-spoon  samples  has  been  used  for  comparing 
values  and  provides  good  guidelines  simply  because  of  the  large  volume  of  pen- 
etration data  available.   Necessary  field  measurements  of  the  phreatic  water- 
line  and  the  general  geometry  of  existing  slopes  are  easily  obtained  for  use 
in  basic  stability  calculations. 


A  combination  of  experience  with  existing  ponds  of  the  same  type  and/or 
simulated  undisturbed  sample  testing  of  the  tailings  to  be  impounded  can  also 
provide  values  for  the  necessary  design  parameters.   Typical  void  ratios  and 
possible  shear  strength  of  emplaced  tailings  can  be  approximated  in  a  simple 
laboratory  model,  such  as  that  shown  in  figure  5,  in  which  the  tailings  are 


FIGURE  2.  -  Triaxial  Test  Apparatus. 


FIGURE  3.  -  Relative  Density  Test  Apparatus. 


FIGURE  4.  -  Consolidation  Machine. 


FIGURE  5.  -  Laboratory  Model  of  Tailing  Pond. 


poured  at  the  slurry  density  expected  to  be  used  in  the  proposed  pond.   Sam- 
ples are  extracted  and  subjected  to  standard  tests.   Consolidation  tests  per- 
formed on  the  extracted  samples  can  approximate  what  will  happen  to  the  soil 
as  the  height  of  the  pond  increases,  thus  changing  the  three  most  critical 
design  parameters,  density,  shear  strength,  and  permeability.   Figure  6  is  the 
shear  diagram  developed  in  our  laboratory  for  one  particular  soil.   As  indi- 
cated by  the  shear  diagram,  two  phi  angles  (0)  are  developed  from  the  direct 
shear  test.   It  is  probably  more  realistic  to  use  the  ultimate  phi  angle  for 
stability  calculations,  discounting  some  intergranular  friction.   Reasonably 
good  stability  predictions  can  be  obtained  by  using  these  phi  values  in  a 
slope  stability  analysis.   Figure  7  shows  the  effect  of  density  and  grain 
structure  on  the  coefficient  of  permeability. 
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BASIC  DESIGN  METHODS 

Two  basic  techniques  for 
constructing  tailings  dams 
will  be  covered  in  this  report: 
(1)  the  use  of  mill  tailings 
themselves  as  the  construction 
medium  and  (2)  the  use  of 
borrow  material  to  construct 
the  retaining  structure  and 
impound  the  tailings. 

There  are  three  basic 
construction  methods:   (1)  the 
upstream  method,  (2)  the  down- 
stream method,  and  (3)  dams 
from  borrow  material.   Each  of 
these  methods  has  its  function 
depending  on  locality,  climate, 
type  of  operation,  etc. 

Upstream  Method- - 
Design  Techniques 

One  of  the  biggest  prob- 
lems observed  on  visitations 
throughout  the  United  States 
is  that  the  initial  starter 
dike,  which  is  typically  used 
in  upstream  disposal  systems, 
is  frequently  constructed  of 
clay,  on  the  assumption  that 
this  is  best  for  the  pond. 
A  clay  dike,  however,  which 
has  a  water-retaining  ability 
and  critical  location,  will 
hold  water  that  promotes 
instability  by  reducing  the 
cohesive  strength  and  raising 
the  phreatic  line  (2_,  6_). 
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FIGURE  7. 


Density  as  Related  to  Permeability. 
(From  Cedergren  (2).) 


Considerable  effort 
should  be  made  to  see  that  the 
starter  dike  is  built  on  a 
strong  base  having  a  scarified 
surface  free  of  all  organic 
matter.   The  dike  can  be  con- 
structed of  coarse  rock,  gravel  with  sand  mixture,  or  any  pervious  material  as 
long  as  the  upstream  side  has  a  gradation  into  sand  to  prevent  the  piping  of 
tailings  through  the  rock.   This  starter  dike,  which  ultimately  becomes  the 
toe  of  an  immense  structure,  should  be  as  structurally  sound  as  the  footing 
under  a  building. 


The  most  common  upstream  method,  and  probably  the  cheapest  and  best,  is 
to  place  the  main  line  around  the  periphery  of  the  dikes.   The  line  should 
discharge  into  the  pond  every  10  to  50  feet,  depending  on  the  size  of  the 
installation.   Bleed  lines,  which  range  in  size  from  2  to  6  inches,  can  be 
used  to  build  up  the  dike  to  heights  of  20  to  30  feet  in  8-  to  15-foot  incre- 
ments before  the  main  line  must  be  moved  (figs.  8-9).   If  the  density  of  the 
discharge  is  low  enough  and  there  is  a  relatively  large  size  differential 
between  the  coarse  and  fine  fraction,  a  beach  of  considerable  size  is  the 
result.   Cyclones,  if  necessary,  serve  a  useful  purpose  because  they  (1)  keep 
the  coarse  material,  which  is  excellent  for  berm  building,  at  the  outside 
and  (2)  can  discharge  the  slime  fraction  far  into  the  pond  if  desired  (fig.  10). 
Figure  11  shows  effective  and  ineffective  relationships  of  slime  deposit  to 
the  berm.   In  large  ponds  having  a  wide  beach  (200  to  300  feet),  as  the  upper 
panel  shows,  the  dams  can  be  built  to  a  much  greater  height,  with  even  a  1-1/2 
to  1  or  a  2  to  1  slope,  before  any  previously  deposited  slimes  lie  directly 
below  the  newly  placed  berm. 

Probably  the  most  unsafe  practice,  on  the  other  hand,  is  to  discharge  the 
tailings  so  that  the  slimes  and  water  lie  against  the  dike.   With  this  method 
there  will  be  slimes  from  bottom  to  top,  as  the  lower  panel  shows,  held  by  a 
relatively  thin  shell  of  berm,  generally  of  borrow  material.   This  slime  mate- 
rial has  a  high  void  ratio,  retains  vast  amounts  of  water,  and  has  a  low  bulk 
density,  low  phi  angle,  and  consequently  lower  shear  strength  than  does  a 
sandy  material.   The  phreatic  surface  (upper  limit  of  water  saturation)  is 
high  in  the  dike  on  both  the  upstream  and  downstream  sides.   Consolidation  of 
the  material  takes  place  slowly  because  of  the  necessarily  slow  buildup  in  the 
dam's  height.   Because  the  horizontal  and  vertical  permeability  is  very  low, 
water  is  squeezed  out  slowly  and  it  takes  longer  for  the  slime  material  to 
attain  any  shear  strength.   The  material  for  some  distance  back  from  the  berm 
and  for  a  considerable  depth  is  saturated,  has  no  cohesion  and  no  shear 
strength,  and  is  held  in  place  by  the  berm  only.   The  berm  itself  becomes 
saturated,  reducing  the  safety  factor  still  further.   In  general,  it  is  good 
to  pool  the  water  against  the  uphill  side  of  the  area  as  far  away  from  the 
periphery  of  the  dike  as  possible. 

When  building  the  berm,  whether  by  dozer  or  dragline,  an  effort  should 
be  made  to  obtain  compaction  either  by  dynamically  dropping  the  sand  load  or 
by  running  over  it  a  few  times  with  a  dozer.   As  described  very  well  by 
Hough  (3),  compaction  of  a  soil  produces  a  tremendous  increase  in  shear 
strength.   The  berm  should  have  both  good  compaction  and  high  permeability 
in  order  to  transmit  a  free  flow  of  water  to  the  outside,  while  being  suffi- 
ciently compact  that,  if  it  is  saturated,  a  sudden  load  or  seismic  shock  will 
not  cause  liquefaction.   When  liquefaction  does  occur,  the  berm  loses  all 
shear  strength,  the  water  takes  the  load,  and  failure  is  instantaneous.   The 
beneficial  effect  on  stability  by  compaction  of  the  berm  outweighs  the 
decreased  permeability  produced  by  the  compaction. 
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FIGURE  9.  -  Berm  Built  With  Dragline  From  Beach  Sand. 


FIGURE   10.  -  Cyclones  on  Dam. 
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FIGURE  11.  -  Slime  Deposit  Relative  to  Berm.  A,  High  dam  showing  slimes  directly  below 
berm  at  great  height;  B,   slimes  against  berm  of  borrow  material. 

Downstream  Method 


Some  foreign  mines  use  a  type  of  berm  building  that  is  the  reverse  of 
common  practice  in  this  country.   The  coarse  material  discharged  from  cyclones 
around  the  periphery  of  the  dike  is  deposited  on  the  outside  of  the  toe;  the 
slimes  are  deposited  on  the  inside  (fig.  12),  producing  a  very  pervious,  tri- 
angular dam,  which  is  very  stable  and  safe  but  requires  much  more  labor  for 
moving  and  tending  the  cyclones.   Because  the  area  of  the  dam  increases  as  it 
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FIGURE  12.  -  Comparison  of  Downstream  Versus  Upstream  Building  Techniques. 

gets  higher,  more  and  more  sand  is  required  per  foot  of  elevation  rise  in  the 
dam,  as  can  be  seen  by  examining  figure  12.   This  method  can  be  safely  used  in 
building  very  high  dams  because  of  the  bulk  and  density  of  the  mass  of  sand; 
height  is  limited  only  by  the  volume  of  available  sand.   The  downstream  slope 
must  be  calculated  for  each  operation  and  is  governed  by  the  shear  strength, 
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etc.   Only  mines  not  using  their  tailings  for  underground  fill  would  have 
enough  sand  available  for  building  dams  in  this  manner.   Even  then,  however, 
the  additional  cost  is  not  normally  warranted,  since  a  very  good  dam  can  be 
built  by  previously  described  conventional  methods. 

Dams  of  Borrow  Material 

Tailings  dams  that  do  not  use  peripheral  discharge,  but  simply  dump  the 
sand  at  the  high  side  of  the  tailing  area  or  are  impounding  slimes  only,  would 
normally  be  the  only  ones  with  berms  built  of  borrow  material.   Occasionally 
the  operators  might  prefer  to  make  the  berm  of  borrow  material  even  though 
sand  is  available.   Borrow  material  is  very  often  85  percent  sand  and  15  per- 
cent clay,  or  some  mixture  of  gravel,  sand,  and  clay.   A  decrease  in  the  clay 
content  from  15  to  10  percent  can  make  a  big  difference  in  the  permeability  (k) 
of  the  embankment.   As  Cedergren  has  pointed  out  (2),    grain  shape,  size,  and 
gradation  are  extremely  critical  in  determining  permeability.   In  localities 
where  the  dams  are  built  of  from  85  to  90  percent  sand  and  10  to  15  percent 
clay,  the  phreatic  waterline  assumes  a  slope  of  5  to  1.   These  dams  are 
designed  so  that  the  line  will  intersect  the  base  well  within  the  toe  of  the 
dam  (fig.  13).   The  location  of  the  phreatic  line  is  critical  to  slope  stabil- 
ity.  A  small  addition  of  clay  can  change  the  slope  of  the  phreatic  line  to  a 
figure  as  great  as  6  or  7  to  1,  creating  instability.   If  the  pond  is  filled 
slowly,  the  phreatic  line  in  the  dam  can  be  carefully  monitored  with 
piezometers. 

A  high  clay  content  in  sand  and  gravel  borrow  material  placed  unzoned 
results  in  a  homogeneous  dam  that  is  quite  impervious  when  tightly  compacted 
(H)).   Although  a  common  practice  in  some  places,  this  is  not  desirable 
because  the  waterline  will  be  high  in  the  dike  even  with  a  wide  deposit  of 
sand  (beach)  along  the  inside  of  the  dam.   The  phreatic  line  will  intersect 
the  berm  at  the  same  point  and  emerge  high  on  the  downstream  face.   The  out- 
side of  the  dike  will  eventually  slough  and  fail.   Because  the  berm  is  more 
impervious  than  the  material  it  is  containing,  the  berm  will  govern  the  water 
level.   A  loosely  compacted  berm  will  fail  very  soon;  a  very  highly  compacted 
berm  will  take  somewhat  longer  to  fail.   Local  sloughing  and  piping  will  show 
on  the  outside  of  a  clay  berm  and  is  a  warning  that  failure  is  imminent. 


Piezometers  • 


FIGURE   13.  -  Typical  Slimes  Dam. 
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Stability  can  only  be  achieved  by  proper  zoning.   Borrow  material  and/or 
classified  mill  tailings  can,  if  properly  placed,  produce  the  desired  dike 
section  as  illustrated  in  figure  14.   Figure  14A  illustrates  a  homogeneous  mix 
alone,  which  does  not  control  the  seepage  water  without  the  filter  and  coarse 
zone  downstream.   Figure  14B  illustrates  the  very  unstable  condition  provoked 
by  improper  alinement  of  the  zone  section;  that  is,  the  downstream  zone  per- 
meability (k-L  )  is  more  impervious  than  those  upstream  (kg  and  k3).   Figure  14c 
shows  that  the  same  material  as  that  used  in  figure  14B,  when  properly  placed, 
can  provide  excellent  seepage  control  and  consequently  better  stability. 
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FIGURE   14.  -  Dam  Stability  Correlated  With  Zoning. 
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Water-Dam  Construction 

Cyanidation  mills  and  some  iron  ore  plants  which  have  contaminants  that 
cannot  be  released  into  streams  without  treatment  generally  use  the  water-dam 
type  construction.   Some  phosphate  plants  also  use  this  type  of  dam  to  impound 
slimes.   Water-dam  construction  is  very  costly  and  does  not  permit  the  free 
drainage  of  slimes  for  ultimate  disposition.   The  design  of  these  dams,  which 
is  well  covered  in  the  literature  (]_),    corresponds  to  the  purpose  it  is  to 
serve  and  to  the  terrain  and  climatic  conditions  of  the  geographic  area. 

Rock-Fill  Dams 

Rock-fill  dam  construction  is  a  unique  way  of  disposing  of  coarse  mine 
and/or  plant  waste  materials  in  the  process  of  constructing  tailings-disposal 
ponds  (fig.  15).   Such  a  construction  method  provides  excellent  stability  and 
can  provide  a  built-in  spillway  through  the  "soil  weir"  to  guard  against  over- 
topping.  The  method  is  best  used  when  the  tailings  structure  must  be  built  in 
a  stream  or  river  channel  and  provides  for  the  passage  of  watershed  flows 
through  the  pond.   Ultimate  water  movement  and  the  dewatering  of  the  slimes 
can  be  accomplished  by  adding  adequate  drainage,  for  example,  sand  drains, 
when  the  structure  is  to  be  abandoned. 

FREE-WATER  CONTROL 

Free-water  control  is  common  to  all  three  previously  discussed  building 
methods  and  is  one  of  the  most  critical  features  in  the  disposal  system. 
Return  water  can  be  removed  from  the  tailing  pond  (1)  through  towers  and 
decant  lines,  (2)  by  barge  pumps  on  the  surface  of  the  pond,  and  (3)  through 
siphons  off  the  top  of  the  pond  to  permanent  pump  installations.   With  any  of 
these  systems  there  must  be  absolute  control  of  the  water  in  the  dam,  both  to 
regulate  the  return  water  needed  and  to  keep  the  water  as  far  back  from  the 
perimeter  of  the  dike  as  possible. 

The  tower  and  decant  line  system  is  very  good  where  a  firm  base  is  avail- 
able on  which  to  build.   In  large  installations  they  must  be  built  to  with- 
stand the  load  without  sinking  into  the  base  or  being  crushed.   If  practicable, 
it  is  advisable  to  build  the  lines  on  bedrock  using  heavily  reinforced  con- 
crete, with  water  decant  holes  every  2  to  6  inches  of  elevation.   The  decant 
line  through  the  dam  should  have  several  seep  rings  to  prevent  piping  along 
the  line  and  ultimate  failure.   The  towers  also  must  be  constructed  of  rein- 
forced concrete,  strong  enough  to  withstand  wind  as  well  as  other  loads.   The 
decant  holes  must  have  positive  and  foolproof  cutoff  stops,  for  once  they  are 
under  50  feet  of  slime  they  are  expensive  if  not  impossible  to  repair.   Figure 
16  shows  a  large  decant  line  and  tower.   In  large  installations,  the  decant 
lines  should  be  built  large  enough  that  they  can  be  entered  for  visual 
inspection. 

In  the  smaller  installations  of  relatively  low  height  and  short  life,  a 
solid  steel  pipe  or  reinforced  concrete  pipe  on  a  firm  base  with  several  seep 
rings  is  adequate.   If  the  pond  is  built  against  a  hill,  the  decant  line  can 
be  run  upslope  and  pipe  can  be  added  to  regulate  pond  elevation  as  the  dam 
height  increases. 
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FIGURE  16.  -  Two  Decant  Systems.  Left,  decant  line  with  drains  at  6-inch  elevation; 
right,  decant  tower  with  drains  at  4-1/2-inch  elevation. 


The  advantages  of  the  decant  system  include  (1)  the  possibility  of  plan- 
ning and  construction  well  in  advance  of  actual  tailing  deposition,  (2)  per- 
manent pump  installation  (that  is,  no  relocation  is  required),  (3)  drainage 
through  the  area  after  abandonment,  and  (4)  the  simplicity  of  operation. 

The  disadvantages  of  the  decant  system  include  (1)  possible  deterioration 
of  the  dam  by  piping,  (2)  difficulties  of  adding  on  to  the  top  of  decant 
towers,   (3)  increased  cost  of  pumping  water  from  the  bottom  of  the  pond  as 
compared  with  pumping  from  the  top,  and  (4)  possibilities  of  failures  or  leaks 
occurring  along  tower  or  line. 
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Barge  pumps  and  siphons  are  used  on  many  dams.   Besides  eliminating  costs 
for  towers  and  lines,  these  methods  are  more  advantageous  than  decant  towers 
in  that  there  are  no  pipes  of  any  kind  which  might  fail  within  the  dam,  and 
there  is  less  lift  of  water  for  return  to  the  mill. 

Some  of  the  difficulties  involved  with  barge  pipes  and  siphons  follow: 

1.  Raising  the  pumps  as  pond  level  rises,  although  not  difficult, 
requires  care. 

2.  Power  outage  leaves  no  place  for  water  to  go  and  could  cause  over- 
topping of  the  dam. 

3.  Freezing  weather  is  a  nuisance.   (Compressed  air  or  circulating  water 
must  be  used  to  keep  ice  from  the  barge. ) 

4.  There  is  no  way  to  take  care  of  surface  drainage  after  abandonment. 

5.  The  siphon  can  lose  its  prime  with  subsequent  rise  of  water  level. 

6.  In  a  siphon  system,  the  water  must  be  against  the  dike  unless  other 
arrangements  are  made. 

SLOPE  STABILITY 

Slope  stability  analysis,  until  recent  years,  has  been  a  long  and  tedious 
calculation.   Now,  however,  computer  programs  are  used  to  calculate  and  select 
the  minimum  failure  circle.   There  have  been  numerous  programs  written  for  the 
Fellenius  method,  the  original  method  of  slices,  and  the  Bishop  method.   The 
Fellenius  method  develops  a  conservative  estimate  since  it  completely  neglects 
the  side  forces  on  the  individual  element  slices;  the  Bishop  method  is  the 
more  accurate.   A  study  of  all  of  these  programs  has  resulted  in  the  selection 
of  the  modified  Bishop  program,  originally  written  at  M. I.T.  and  slightly  modi- 
fied at  the  Bureau  of  Reclamation,  to  include  both  the  Bishop  and  the  Fellenius 
factors  of  safety  (_1).   The  Bureau  agrees  with  R.  V.  Whitman  and  W.  A.  Bailey 
that  this  is  the  best  program  available  today  (11 ). 

The  factor  of  safety  is  defined  as  the  moments  about  the  center  0  for  the 
circular  failure  are  ABCD,  as  shown  in  figure  17,  and  is  described  by  the 
equation 

(C  b  sec  6  +  N  tan  0 ) 

I,   W  sin  o  ' 

where  W  =  weight  of  soil  and  water,  lb, 

C  =  cohesion  for  soil,  lb/sq  ft, 

b  =  width  of  slice, 

6  =  element  angle, 

N  =  effective  normal  force, 

0  =  friction  angle, 
and   F  =  safety  factor. 
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\  ^bsec  s 
FIGURE   17.  -Circular  Failure  Arc. 


The  denominator  of  the  equation  for  F  is  an  exact  expression  for  the 
moment  of  the  weight  of  the  soil  in  the  failure  mass.   (The  radius  R  cancels 
since  it  occurs  in  both  the  numerator  and  denominator. )  The  numerator  is  the 
moment  of  the  shear  stress  about  0  along  the  failure  surface. 

N  is  determined  for  the  simplified  Bishop  method  by  the  sum  of  forces  in 
a  vertical  direction,  according  to  the  equation 


b  sec  6  ((j,  cos  6  +  —  sin  6) 


N 


cos    6 
where  a-  =  pore  pressure,    lb/sq  ft. 
Thus 


tan 
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Since  F  appears  on  both  sides  of  the  equation  it  must  be  solved  by  suc- 
cessive approximations.  This  is  the  equation  for  which  the  complete  program 
was  written. 

The  computer  will  systematically  search  through  the  numerous  failure 
circles  as  outlined  in  the  guidelines  of  the  program.   It  will  select  a  mini- 
mum failure  circle  (the  plane  along  which  failure  will  normally  occur)  while 
also  computing  the  individual  circles  so  that  the  effects  of  the  geometry, 
etc.,  can  be  studied  in  each  case.   At  the  end  of  the  program  the  computer 
will  list  the  minimum  of  all  the  circles  selected  for  that  particular  embank- 
ment and  conditions. 

The  simplest  way  to  illustrate  the  mechanics  of  the  computer  program  is 
to  present  an  example.   Figure  18  shows  the  soil  properties  and  the  location 
of  minimum  failure  circles  for  two  different  conditions  that  were  analyzed. 
Case  1  assumes  a  high  phreatic  line,  and  case  2  assumes  the  water  table  at 
ground  level.   Although  the  geometry  and  soil  structures  are  identical  for 
both  analyses,  the  difference  in  the  location  of  the  phreatic  line  does  alter 
some  of  the  soil  properties,  as  shown  in  figure  18.   By  comparing  the  computed 
minimum  safety  factors  (1.14  versus  2.67)  one  can  see  that  the  location  of  the 
phreatic  line  is  very  critical  for  determining  stability.   A  factor  of  safety 
of  less  than  1  is  a  failure  situation,  above  1  is  a  stable  situation,  and  1.5 
is  normally  considered  a  safe  design  value,  particularly  if  the  soils  are 
somewhat  coarse  and  not  likely  to  be  subjected  to  seismic  activity. 
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FIGURE   18.  -  Sample  of  Computer  Analysis. 
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Complete  computer  listings  of  input  and  output  for  cases  1  and  2  have 
been  included  as  appendixes  for  those  who  would  like  to  study  the  computer 
searching  and  analyzing  procedures  in  more  detail.   All  of  the  failure  circles 
tried  are  listed,  and  the  factor  of  safety  is  computed  for  both  the  Fellenius 
and  Bishop  methods. 

Should  the  embankment  conditions  indicate  other  than  a  circular  arc  fail- 
ure, a  second  computer  program  using  the  Morgenstern  and  Price  procedure  can 
be  used  (.5).   With  this  program  any  desired  geometric  failure  plane  can  be 
described  and  the  factor  of  safety  attained  in  a  few  minutes  of  computer  time. 
Unlike  the  Bishop  program,  it  does  not  search  for  the  minimum  safety  factor 
but  produces  only  the  input  failure  plane.   Since  the  development  of  computers, 
the  most  difficult  part  of  the  slope  stability  analysis  is  providing  correct 
input  data,  a  point  that  cannot  be  overstressed. 

In  most  cases  it  is  extremely  difficult,  if  not  impossible,  to  obtain 
soil  samples  that  are  truly  representative  of  the  zone  being  studied.   Conse- 
quently, the  soil  properties  developed  from  these  samples  must  be  interpreted 
and  applied  with  great  care.   Assuming  that  input  values  developed  are  repre- 
sentative of  the  actual  case  being  studied,  the  computer  factors  of  safety  are 
only  general  guidelines  and  are  meaningful  only  if  used  in  conjunction  with 
all  of  the  other  design  considerations. 

FURTHER  DESIGN  CONSIDERATIONS 

The  engineer  must  anticipate  and  design  for  the  worst  possible  condition, 
that  is,  ultimate  height,  maximum  phreatic  line,  saturated  soils,  and  seismic 
activity,  when  determining  values  to  place  in  the  computer  program.   Only  then 
will  the  safety  factor  be  meaningful. 

Grain  size  distribution,  the  area  of  the  tailing  pond,  and  the  rate  of 
discharge  have  much  to  do  with  the  stability  of  the  embankment.   A  finer  grind 
in  the  mill  combined  with  the  coarse  fraction  being  taken  out  for  use  as  under- 
ground fill  has  made  dike  building  more  difficult.   Combine  these  factors  with 
the  small  pond  area  compared  with  the  tons  of  waste  per  day  and  the  situation 
becomes  worse.   The  tailings  used  underground  at  some  properties  do  reduce  the 
total  that  must  be  impounded  on  the  surface  by  40  percent  or  more,  but  they 
also  remove  the  coarse  sand,  the  best  material  for  building  the  dike,  and  the 
coarse  sand  beach  which  provides  added  safety  in  front  of  the  dike. 

An  example  of  rapid  building  is  a  situation  in  which  a  500-ton-per-day 
operation  has  300  tons  per  day  impounded  in  a  5-acre  site  with  a  pond  rise  of 
1  foot  in  33  days  or  even  a  10-acre  site  with  a  1-foot  rise  in  66  days.   Such 
situations  could  cause  a  rapid  increase  of  pore  pressure  because  the  water 
does  not  have  time  to  percolate  through  the  fine  material,  especially  if  the 
dam  is  impervious  and  there  is  no  peripheral  discharge,  leaving  water  and 
slimes  against  the  dike.   Even  with  the  best  of  conditions,  too  rapid  building 
is  not  good,  and  every  effort  should  be  made  to  keep  the  annual  rise  compati- 
ble with  the  seepage  ability  of  the  soil. 
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Piezometers  installed  in  proper  places  in  the  embankment  will  allow  moni- 
toring of  the  pore-water  pressure  in  the  dam  which  can  be  related  directly  to 
the  safety  factor  as  shown  in  figure  19,  a  typical  graph  showing  the  variance 
of  safety  factor  with  phreatic  water  height  in  the  dam.   Through  engineering 
soils  mechanics,  this  type  of  chart  can  be  developed  for  any  dam  and  used  by 
the  operators  as  a  monitoring  device  to  predict  the  safety  of  the  embankments. 
The  phreatic  surface  is  related  to  the  rate  that  material  is  placed  around  the 
periphery  of  the  dike. 

If  disposal  areas  must  be  small,  additional  areas  must  be  provided  when 
monitoring  indicates  the  approach  of  an  unstable  situation.   This  will  allow 
the  area  to  decant  and  drain,  consolidate,  and  lower  the  waterline.   By  alter- 
nating between  two  or  three  small  areas,  each  one  becomes  more  useful  and  will 
have  a  greater  ultimate  capacity.   Operations  in  areas  having  extreme  weather 
that  prohibits  berm  building  in  the  winter  must  build  sufficient  berm  during 
good  weather  to  allow  dumping  in  large  ponds  during  winter  months. 

In  a  seismic  area  safety  factors  cannot  be  accepted  at  face  value  because 
of  the  possibilities  of  liquefaction  from  either  earthquake,  sonic  blasts,  or 
sudden  load  owing  to  the  inherent  moisture  and  density  of  the  material.   Soils 
in  the  80-  to  280-mesh  sizes,  saturated,  and  above  the  critical  void  ratio,  are 
very  sensitive  to  liquefaction.   Soils  finer  than  that  would  be  too  sluggish 
in  their  reaction  to  shock  because  of  low  permeability,  and  those  coarser 
would  dissipate  the  water  fast  enough  to  make  failure  from  shock  unlikely. 
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FIGURE   19.  -  Factor  of  Safety  From  Phreatic  Water  Height  in  Dam. 
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All  soil  testing  requires  stringent  testing  conditions  and  experienced 
personnel.   Since  Coulomb's  theory  and  stability  equations  are  approximations, 
these  samples  have  to  be  studied  thoroughly  by  experienced  soils  engineers  to 
insure  that  true  values  are  obtained  for  any  stability  analysis  (j)).   Once 
these  values  have  been  interpreted,  it  is  simple  to  predict  the  stability  with 
today's  computer  usage.   Ultimate  height,  slope,  and  water  movement  can  only 
be  determined  by  soil  engineering  analyses.   Before  any  major  construction  of 
this  type,  these  analyses  should  be  made  either  by  the  operating  firm  or  by  a 
consulting  agency;  the  cost  is  only  a  few  percent  of  the  total  investment. 

SEEPAGE  WATER  CONTROL 

The  movement  (loss)  of  water  in  a  tailings  pond  varies  considerably 
between  the  start  of  filling  and  eventual  abandonment.   Initially,  a  pervious 
base  has  stability  advantages  because  of  water  movement  through  the  bottom, 
but  as  the  height  increases  and  the  slimes  accumulate  over  large  areas,  con- 
solidation reduces  the  permeability  of  the  base.   As  the  height  of  the  dam 
increases,  the  effect  of  the  original  base  becomes  negligible,  and  the  tail- 
ings themselves  have  an  overriding  effect  on  the  downward  movement  of  water. 
A  tailings  dam  that  starts  with  a  permeable  gravel  base  will  ultimately 
develop  an  almost  impervious  base  owing  to  the  fine  tailings  percolating  down- 
ward and  the  underlying  tailings  constantly  being  consolidated  (fig.  20). 
Note  that  if  the  sands  can  be  placed  near  the  interior  toe  of  the  dike  the 
pervious  base  remains  effective  and  will  function  like  a  longitudinal  drain, 
while  the  lower  phreatic  line  may  be  used  for  stability  analysis.   If  one 
cannot  assure  this,  the  permeability  (k)  of  the  entire  base  approaches  zero 
and  the  upper  line  must  be  used  for  stability  analysis.   As  this  structure 
increases  in  height,  its  condition  could  change  from  very  stable  to  very 
unstable  unless  the  outside  is  kept  free-draining.   Frozen  conditions  can 
also  impair  stability  (fig.  21). 


Instrumentation  for  measuring  pore-water  pressure  and  horizontal  and  ver- 
tical movement  in  embankments  is  essential  in  any  tailings  structure.  The 
location  of  the  phreatic  waterline  is  most  accurate  when  obtained  with  piezom- 
eters (fig.  22)  in  the  pond  and  berm  itself.  Checking  the  water  level  in  a 
dam  in  an  uncased  hole  can  produce  erroneous  results.  Excess  pore-water  pres- 
sure will  not  be  observed,  as  the  water  can  dissipate  into  a  coarse  sand  layer 
and  thus  not  rise  as  high  as  it  would  in  a  cased  hole  or  piezometer. 
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FIGURE  20.  -  Change  of  Base  Permeability  With  Time  and  Material. 
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FIGURE   21.  -  Location  of  Phreatic  Line  for  Frozen  Versus  Unfrozen  Face. 


FIGURE  22.  -  Porous-Tube  Piezometer  and  Electric  Tool  for  Measuring  Water  Depth. 
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Another  important  instrument,  a  slope  indicator  or  crossarm  settlement 
device  (]_) ,    is  used  for  the  internal  measurement  of  vertical  and  horizontal 
movement.   Knowledge  of  the  location  and  extent  of  movement  is  essential  to 
predicting  the  behavior  of  the  structure  and  to  taking  any  corrective  measures 
that  may  be  required. 

If  the  dam  is  to  be  built  in  an  area  for  which  no  in-place  information  is 
available,  the  phreatic  surface  can  be  estimated  by  the  solutions  of  the 
La  Place  equations  using  flow-net  construction  or  the  finite  element  method. 
Computer  programs  have  been  written  for  the  finite  element  method  to  predict 
the  location  of  this  phreatic  surface  line  (8).   The  program  used  in  this 
study  was  developed  by  R.  L.  Taylor  and  C.  B.  Brown  of  the  University  of 
California  (Berkeley  Campus)  and  later  modified  by  J.  T.  Christian  and 
B.  J.  Watt  of  M.I.T.   This  program  utilizes  the  finite  element  method  to 
determine  pressures  and  flows  as  governed  by  Darcy's  law.   Correct  hydrostatic 
head,  geometry,  and  horizontal  and  vertical  permeability  according  to  the 
inclination  and  layering  are  the  only  input  data  required  for  predicting  the 
phreatic  surface.   Using  these  values,  the  computer  will  search  through  the 
numerous  phreatic  surface  lines  and  adjust  pressures  at  the  finite  element 
nodes  so  that  equal  potential  lines  and  the  phreatic  surface  can  be  obtained 
in  a  matter  of  minutes. 

Typical  phreatic  lines  that  can  be  developed  are  illustrated  in  figures 
23-25.   Note  the  effect  of  embankment  stratification  and  the  corresponding 
horizontal  permeability  (k^  )  and  vertical  permeability  (kv  )  on  the  location 
of  the  phreatic  line  and  on  the  required  width  of  longitudinal  drain  (fig.  23), 
the  relationship  between  downstream  shell  permeability  relative  to  foundation 
permeability  and  the  saturation  level  in  the  shell  (fig.  24),  and  the  effects 
of  zoning  and  stratification  on  the  location  of  the  saturation  line  (fig.  25). 

RECLAMATION 

Reclamation  of  tailings  ponds  as  practiced  in  the  United  States  varies 
with  each  operation  and  climatic  area,  though  some  problems  are  basic.   In 
several  areas  the  land  is  returned  to  as  near  the  original  condition  as  possi- 
ble, or  even  improved  upon.   Elsewhere  the  goal  is  limited  to  the  prevention 
of  air  and  water  pollution.   Making  reclamation  an  inherent  factor  in  the 
design  of  tailings  dams  may  reduce  the  ultimate  cost  which  must  be  borne  by 
the  consumer.   However,  reclamation  is  a  study  in  itself,  and  a  detailed 
treatment  is  not  attempted  in  this  report. 

Considerable  research  is  concerned  with  promoting  the  growth  of  trees, 
grass,  and  native  foliage  in  an  attempt  to  beautify  abandoned  tailings  areas. 
Some  tailings  are  so  toxic  that  it  may  be  years  before  plant  material  will 
begin  to  grow.   In  such  cases  it  may  be  necessary  to  place  a  few  inches  of 
soil  before  planting  grass  or  to  place  an  inch  or  two  of  gravel  to  allay  the 
dust  while  waiting  for  oxidation  and  leaching  to  be  completed  sufficiently  for 
native  growth  to  take  over.   The  most  economical  precautionary  dust  control 
measure  observed  to  date  is  the  placing  of  a  3-  to  6 -inch  layer  of  coarse 
material,  either  gravel  or  mill  slag,  on  top  of  the  pond.   The  possibility  of 
placing  this  material  pneumatically  is  currently  being  investigated.   To  date 
it  has  not  been  feasible  to  prevent  dust  in  an  active  pond. 
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FIGURE  24.  -  Zoned  Dam  Study.    (From  Cedergren  (2).) 
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FIGURE  25.  -  Flow  Nets  for  kh  =  ky.    (From  Cedergren  (2).) 
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CONCLUSIONS 

This  survey  has  resulted  in  the  following  recommendations  concerning  the 
construction  of  effective,  long-lasting  tailings  disposal  dams: 

1.  Test  the  foundation  soil  to  determine  the  subsoil  design  parameters 
and  to  remove  any  incompetent  soils. 

2.  Construct  a  foolproof  decant  system  that  permits  visual  inspection 
and,  if  possible,  provides  for  ultimate  surface  drainage.   The  decant  circuit 
should  be  designed  so  that  if  one  decant  fails  an  alternate  is  available  to 
prevent  topping,  etc. 

3.  Never  construct  homogeneous  dams.   Zoned-type  construction  must  be 
used  to  control  seepage  water  and  consequently  increase  stability.   Since  com- 
paction of  borrow  material  in  a  homogeneous  dike  is  of  little  value,  the  money 
expended  should  be  directed  toward  zoning. 

4.  Starter  dikes  should  not  be  built  of  clay.  When  the  outer  shell  con- 
sists of  cohesionless  soil  (as  used  with  the  upstream  method),  some  considera- 
tion must  be  given  to  compaction  to  avoid  possible  liquefaction. 

5.  Most  critical  in  the  design  of  a  tailings  disposal  system  is  the  com- 
plete control  of  both  free  and  seepage  water.   When  impounding  low-permeability 
tailings  the  disposal  area  should  be  large  enough  that  the  annual  rise  will  be 
only  a  few  feet  or,  as  an  alternative,  two  or  more  areas  should  be  available 
so  that  proper  drainage  can  be  attained.   The  tailings  should  be  distributed 
around  the  periphery  of  the  dike  through  bleeder  pipes  off  the  main  line,  and 
the  pool  should  be  kept  as  far  from  the  dike  as  practical. 

6.  Dams  and  ponds  should  be  instrumented  and  monitored  at  definite  time 
intervals  to  check  the  water  movements.   The  factor  of  safety  can  be  deter- 
mined from  charts  constructed  for  this  purpose.   Ponds  should  be  checked  at 
regular  intervals,  and  adequate  records  and  maps  showing  time,  tonnage,  and 
elevations  should  be  maintained. 

7.  Keep  the  soil  permeability  constantly  decreasing  upstream.   Natural 
consolidation  owing  to  overlying  tails  will  automatically  cause  the  vertical 
decrease  of  downward  permeability.   These  permeability  arrangements  greatly 
affect  stability  and  seepage  patterns. 

8.  Because  a  pervious  gravel  base  will  be  made  ineffective  by  deposition 
of  slimes  and  subsequent  consolidation  as  the  height  of  the  tailings  deposit 
increases,  the  minimal  estimate  must  be  used  in  designing  the  ultimate  phre- 
atic  line.   The  higher  the  dike  and  the  finer  the  material,  the  greater  are 
the  chances  for  failure. 

A  structure  that  will  be  stable  during  the  life  of  the  property  must  be 
designed  for  any  tailings  disposal  dam.   Furthermore,  the  system  should  render 
the  company  free  of  all  liability  upon  abandonment  and/or  provide  for  reclama- 
tion of  the  area.   Not  only  is  the  engineering  cost  small,  but  it  is  also  an 
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essential  investment  since  only  a  few  expensive  and  basically  ineffective 
emergency  measures  can  be  taken  to  avert  a  developing  failure.   The  develop- 
ment of  the  associative  slope  stability  and  waterflow  computer  programs  have 
made  it  possible  to  design  for  ultimate  conditions  of  height,  slope,  etc. 
The  soils  engineering  and  testing  methods  that  have  been  well  developed  for 
mill  tailings  disposal  systems  should  be  applied,  as  well  as  geologic  and 
hydrologic  studies. 
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APPENDIX  A. --CASE   I,    HIGH  PHREATIC   LINE 

SLOPE    STABILITY    ANALYSIS 
SIMPLIFIED    RISHOP    METHOD 

GALENA  3X1  SLOPE  SAT  C    >    < 

POINT    OATA--USE    100    POINTS    MAXIMUM 
POINT    NO.  X-COORD  Y-COORD 


1 

100.00 

200.00 

2 

550.00 

200.00 

3 

1165.00 

400.00 

4 

1600.00 

375.00 

5 

1600.00 

200.00 

LINE    OATA---USE    100    LTNES    MAXIMUM 
POINT  POINT  SOIL 


1 

1 

2 

2 

2 

3 

3 

3 

4 

4 

2 

5 

SOIL    PROPERTIES--USE    10    SOUS    OR    I  ESS 
SOIL    NO.       DENSITY       COH.       TAN       PP    RATIO       pP    RATIO    CAPL«Y 
PCE  PSI  PHI 


1 

141.0 

0.0  0.700 

1  .100 

0.000 

2 

145.0 

0.0  1.000 

1  .100 

0.000 

PHREATIC  SURFACE  POINTS--USF  10  POINTS  MAVlMUM 
X-COORD  Y-COORD 

200.000 
200.000 
300.000 
350.000 
350.000 

THE  FOLLOWING  IS  A  PRINTOUT  OF  THE  LTNE  ARRAY,  THF  INITIAL   3  LINES 
MUST  BE  THE  SURFACE  OF  THE  SLOPE  GOI*'G  FROM  LEFT  Tn  RIGHT. 
THERE  MUST  BE  NO  VERTICAL  LINES  AFTER  NO.   3  . 


1 

100.000 

2 

550.000 

3 

850.000 

4 

1350.000 

5 

1600.000 

NO. 

X-LEET 

Y-LFFT 

X-RGHT 

Y-RGHT 

SLOPE 

SOIL 

1 

100.00 

200.00 

550.00 

200.00 

O.OOOO 

2 

2 

550.00 

200.00 

1165.00 

400.00 

0.3252 

1 

3 

1165.00 

400.00 

1600.00 

375.00 

-0.0575 

1 

4 

550.00 

200.00 

1600.00 

200.00 

0.0000 

2 

NUMBER  OF  SLICES--100  OR  LESS 
50. 

THE  LOWEST  FLEVATION  THAT  SHOULD  OCCUR  ALONG 
ANY  TRIAL  FAILURE  SURFACE  (YMIN.) 
50.00 

THE  MINIMUM  VALUE  FOR  THE  GREATEST 
DEPTH  OF  THE  SLIDING  MASS  (DMIN). 
0.00 

1    COMPUTE  USING  AUTOMATIC  SEARCH  ROUTTNE 


J^ 


2    COMPUTF  USING  PRFSCRIRED  CONTROL  GrtP 

1 

X  AND  Y  COORDINATES  OF  THF  CENTER  nF 
THE  INITIAL  TRIAL  FAILURE  SURFACE. 


X  =   650.00 


Y  =   725.00 


INCREMENTS  OF  X  AND  Y  USED  TN  THE  COARSE  gRIO 
IN  SEARCHING  FQR  THE  MTMMUM  FACTOR  Of  SArFTYi 
THE  FINAL  GRip  IS  4  TImES  FTNER. 


X  =   25.000 


25.000 


X-COORO 

Y-C-OORD 

RADIUS    NO 

SLICES 

FS  BTSHOP 

FS  FLNIUS 

650.00 

725.00 

675.00 

35 

3.220 

2.521 

650.00 

725.00 

673.28 

35 

3.205 

2.513 

650.00 

725.00 

656.13 

33 

3.026 

2.410 

650.00 

725.00 

638.98 

32 

2.846 

2.304 

650.00 

725.00 

621  .83 

ao 

2.673 

2.204 

650.00 

725.00 

604.67 

28 

2.503 

2.106 

650.00 

725.00 

587.52 

26 

2.328 

2.003 

650.00 

725,00 

570.37 

24 

2.14« 

1  .891 

650.00 

725,00 

553.21 

21 

1.922 

1.731 

650.00 

725.00 

536.06 

18 

1.704 

1  .564 

650.00 

725.00 

518,91 

15 

1.402 

1.315 

650.00 

725,00 

501,75 

12 

1.346 

1.289 

650.00 

725,00 

484.60 

9 

1.242 

1.214 

LOWFST 

SAFETY  FACTnR  FOUND  WAS 

1 .242  AT 

R=   484.60 

• 

675.00 

725.00 

675.00 

35 

3.190 

2.507 

675.00 

725.00 

673.22 

■»5 

3.  174 

2.497 

675.00 

725.00 

655.43 

33 

2.9P7 

2.388 

675.00 

725.00 

637.63 

31 

2.802 

2.280 

675.00 

725,00 

619.84 

3  0 

2.620 

2.169 

675.00 

725.00 

602.04 

28 

2.444 

2.065 

675.00 

725.00 

584,25 

26 

2.276 

1  .965 

675.00 

725.00 

566.45 

23 

2.075 

1.832 

675.00 

725.00 

548.66 

21 

1  .877 

1.692 

675.00 

725,00 

530.86 

18 

1  .6^7 

1.548 

675.00 

725,00 

513.07 

16 

1  .44.0 

1.356 

675.00 

725.00 

495,27 

12 

1  .392 

1.336 

675.00 

725.00 

477,48 

9 

1.308 

1.283 

LOWFST 

SAFETY  FACTOR  FOUND  WAS 

1.308  AT 

R=   477.48 

. 

625.00 

725.00 

675.00 

35 

3.3)3 

2.579 

625.00 

725.00 

673.35 

35 

3.298 

2.571 

625.00 

725.00 

656.84 

3  3 

3.127 

2.476 

625.00 

725.00 

640.33 

32 

2.960 

2.385 

625.00 

725.00 

623.81 

30 

2.707 

2.297 

625.00 

725.00 

607.30 

28 

2.626 

2.200 

625.00 

725.00 

590.79 

26 

2.445 

2.093 

625.00 

725.00 

574.28 

24 

2.216 

1.941 

625.00 

725.00 

557.77 

21 

2.008 

1.802 

625.00 

725.00 

541.26 

18 

1  .746 

1.602 

35 


625.00 
625.00 
625.00 


725.00 
725.00 
725.00 


52a. 75 
508.24 
491 .72 


1  .365 
1  .300 
1.183 


THE  LOWFST  SAFETY  FACTOR  FOUND  WAS   1.183  AT  R  =   4gl.72 


600.00 
600.00 
600.00 
600.00 
600.00 
600.00 
600.00 
600.00 
600.00 
600.00 
600.00 
600.00 
600.00 


725.00 
725.00 
725.00 
725.00 
725.00 
725.00 
725.00 
725.00 
725.00 
725.00 
725.00 
725.00 
725.00 


675,00 
673.41 
657.54 
641  .67 
625. flO 
609.93 
594.07 
578.20 
562.33 
546.46 
530.59 
514,72 
498,85 


3  5 

35 
34 
3  2 
30 
?fl 
26 
24 
22 
19 
15 
12 
9 


3.405 
3.393 
3.235 
080 
917 
7 /1  4 
559 
362 


2.096 
1.850 
1.487 
1.272 
1.152 


1.279 
1  .241 

1.150 


2.644 
2.638 
2.556 
2,477 
2.389 
2.290 
2,181 
2.05« 
1.868 
1  .691 
1  .387 
1.213 
1.118 


THF  LOWFST  SAFETY  FACTOR  FOUNO  WAS   1,152  AT  R=   498.85 


575.00 
575.00 
575.00 
575.00 
575.00 
575.00 
575.00 
575.00 
575.00 
575.00 
575.00 
575.00 
575.00 


725.00 
725.00 
725.00 
725.00 
725,00 
725.00 
725.00 
725,00 
725.00 
725.00 
725.00 
725.00 
725.00 


675.00 
673.48 
658,25 
643.02 
627,79 
612.57 
597. 34 
582.11 
566.88 
551.65 
536.43 
521.20 
505.97 


16 
35 
33 
12 
10 
o& 
26 
24 
22 
19 
16 
12 
8 


3.542 
3.531 
3.386 
3.234 
3.071 
2.899 
2.715 
2.510 
2.277 
J. 95* 
1.645 
L23* 
1  .1  46 


2.748 
2.743 
2.674 
2.597 
2.509 
2.413 
2.305 
2.175 
2.016 
1.771 
1.529 
1.177 
1.113 


THE  LOWFST  SAFETY  FACTOR  FOUND  WAS   1,146  AT  R=   S05.97 


550.00 
550.00 
550.00 
550.00 
550,00 
550.00 
550.00 
550.00 
550.00 
550.00 
550.00 
550.00 
550.00 


725.00 
725.00 
725,00 
725.00 
725.00 
725,00 
725.00 
725.00 
725.00 
725,00 
725.00 
725.00 
725.00 


675,00 
673.54 
658.96 
644.37 
629.78 
615.20 
600.61 
586.02 
571.44 
556.85 
542,27 
527.68 
513,09 


35 
35 
33 
32 

30 
28 
26 
24 
22 
20 
17 
13 


3.726 
3.715 
3.575 
3.424 
3.303 
3.137 
2.958 
2.753 
2.523 
2.201 
1  .868 
1  .321 
1  .  1  /j  9 


2.893 
2.888 
2.823 
2.748 
2.689 
2.601 
2.499 
2.371 
2.218 
1.976 
1.721 
1.251 
1.117 


THE  LOWFST  SAFETY  FACTOR  FOUND  WAS   1,149  AT  R=   513.09 


575.00 
575.00 
575.00 
575.00 
575.00 
575.00 
575.00 


750.00 
750.00 
750.00 
750.00 
750.00 
750.00 
750.00 


700.00 
698.47 
68  3.14 
667,81 
652.48 
637.15 
621.82 


36 
16 
34 
32 
30 
29 
?7 


3.408 
3.4M 
3*338 
3.187 
3.064 
2.898 
2.714 


2.741 
2.735 
2.659 

2.580 
2.519 
2.426 
2.316 
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575.00  750.00  606.49  25  P. 473  2.155 

575.00  750.00  591.16  23  2.245  1.99* 

575.00  750.00  575. A3  20  1.9»4  1.803 

575.00  750.00  560.50  17  1.569  1.461 

575.00  750.00  545.17  12  1.247  1.191 

575.00  750.00  529.84  9  1.141  1.110 

THE  LOWFST  SAFETY  FACTOR  FOUND  WAS   1.141  AT  R=   529. 84  . 

575.00  775.00  725.00  36  3.492  2.754 

575.00  775.00  723.46  36  3.447  2.729 

575.00  775.00  708.03  35  3.32*  2.667 

575.00  775.00  692.59  34  3.180  2.589 

575.00  775.00  677.16  32  3.024  2.505 

575.00  775.00  661,73  30  2.85*  2.408 

575.00  775,00  646.30  28  2.679  2.300 

575.00  775.00  630.87  25  2.4a2  2.139 

575.00  775,00  615.44  23  2«2l8  1.984 

575.00  775.00  600.01  20  1.961  1.796 

575.00  775.00  584.57  17  1.555  1.456 

575.00  775,00  569.14  13  1.261  1.210 

575.00  775.00  553.71  9  1  .  1  44  1.114 

THE  LOWEST  SAFETY  FACTnR  FOUND  WAS   1.144  AT  Rs   553.71  , 

600.00  750.00  700.00  36  3.376  2.649 

600.00  750,00  698'.40  36  3.3*3  2.642 

600.00  750.00  682.43  34  3.202  2.554 

600.00  750.00  666.46  33  3.041  2.465 

600.00  750,00  650.49  30  2.8B0  2.377 

600.00  750.00  634,52  28  2.7U  2.280 

600.00  750.00  618.55  27  2.532  2.172 

600.00  750.00  602.57  25  2.335  2.047 

600.00  750.00  586.60  23  2.071  1.855 

600.00  750.00  570.63  20  1.827  1.677 

600.00  750.00  554.66  15  1.477  1.383 

600.00  750.00  538.69  12  1.276  1.220 

600.00  750,00  522.72  9  1.16<>  1.132 

THE  LOWEST  SAFETY  FACTOR  FOUND  WAS   1.164  AT  R=   522.72  . 

550.00  750,00  700,00  36  3.6*7  2.874 

550.00  750.00  698.53  36  3.657  2.870 

550.00  750.00  683.84  34  3.551  2.821 

550.00  750.00  669.16  32  3.405  2.748 

550.00  750.00  654.47  30  3.252  2.670 

550.00  750.00  639,78  29  3.086  2.577 

550.00  750.00  625'.09  27  2.908  2.472 

550.00  750.00  610.40  25  2.708  2.347 

550.00  750.00  595.72  23  2.483  2.196 

550.00  750.00  581.03  21  2.163  1.952 

550.00  750.00  566.34  18  1.827  1.690 

550.00  750.00  551.65  13  1.261  1 . 199 

550.00  750.00  536.96  9  1.145  1.115 

THE  LOWEST  SAFETY  FACTOR  FOUND  WAS   1.145  AT  R=   536.96  , 

581.25  750.00  700.00  36  3.454  2.709 

581.25  750.00  698.45  36  3.443  2.703 

581.25  750.00  682,96  35  3.323  2.643 

581.25  750.00  667.47  32  3.173  2.566 
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581.25  750.00  651.98  31  3.016  2.482 

581.25  750.00  636.49  29  2. 846  2.385 

581.25  750.00  621.00  27  2.664  2.276 

581.25  750.00  605.51  25  2.424  2.114 

581.25  750.00  590.02  23  2.198  1.959 

581.25  750.00  574.53  20  1.940  1.772 

581.25  750.00  559.04  17  1.540  1.437 

581.25  750.00  543.55  12  1.257  1.202 

581.25  750,00  528,06  9  1.144  1.111 

THE  LOWEST  SAFETY  FACTOR  FOUND  WAS   1.144  AT  R*   528.06  , 

568.75  750.00  700.00  36  3.542  2.773 

568.75  750.00  698.48  36  3.531  2.767 

568.75  750.00  683.31  34  3.3»9  2.698 

568.75  750.00  668,14  33  3.238  2.620 

568,75  750.00  652.98  31  3.0fiO  2.534 

568.75  750.00  637.81  29  2.912  2.439 

568.75  750.00  622.64  27  2.732  2.332 

568.75  750.00  607.47  25  2.5?7  2.199 

568.75  750.00  59?, 30  23  2.297  2.041 

568.75  750.00  577.13  21  1.981  1.796 

568.75  750,00  561.96  17  1.607  1.492 

568.75  750.00  546.79  12  1.239  1.182 

568.75  750,00  531.62  8  1.143  1.111 

THE  LOWEST  SAFETY  FACTOR  FOUND  WAS   1,143  AT  R«   531.62  , 

575.00  756,25  706.25  36  3.488  2.739 

575.00  756.25  704.71  36  3.477  2.734 

575.00  756.25  689.36  35  3.3?6  2.654 

575,00  756.25  674.00  32  3.2U  2.599 

575.00  756.25  658,65  30  3.054  2.515 

575,00  756,25  643.29  29  2.887  2.421 

575,00  756,25  627.94  27  2.705  2.312 

575.00  756.25  612.58  25  2.465  2.150 

575.00  756,25  597.23  23  2.238  1.994 

575,00  756,25  58i,87  20  1,978  1.805 

575.00  756,25  566.52  17  1.5*6  1.460 

575.00  756.25  551.16  12  1.250  1.195 

575.00  756.25  535.81  9  1.142  1.110 

THE  LOWEST  SAFETY  FACTOR  FOUND  WAS   1.142  AT  R«   535.81  . 

575.00  743.75  693.75  36  3.508  2.742 

575.00  743.75  692.22  36  3.496  2.736 

575.00  743.75  676.92  34  3.350  2.663 

575.00  743.75  661.61  32  3.198  2.584 

575.00  743.75  646.31  30  3.039  2.497 

575.00  743.75  631.00  28  2.907  2.429 

575.00  743.75  615.70  27  2.687  2.292 

575.00  743,75  600.39  25  2.482  2.159 

575.00  743.75  585.09  23  2.253  2.002 

575.00  743.75  569.79  20  1.990  1.811 

575,00  743.75  554.48  17  1.573  1.463 

575.00  743.75  539.18  12  1.244  1.187 

575.00  743.75  523.87  8  1.1*2  1.110 

THE  LOWEST  SAFETY  FACTOR  FOUND  WAS   1.142  AT  R«   523.87  . 

THE  MINIMUM  FACTOR  OF  SAFETY  IS   1.141  FOR  X*   575.00  AND  Y-   750.00, 


APPENDIX   B. --CASE   II,    LOW  PHREATIC   LINE 

SLOPE    STABILITY    ANALYSIS 
SIMPLIFIED    BISHOP    METHOD 

GALENA  3X1  SLOPF  WATER    TABLE    AT    GROUND    LEVEL 

POINT    OATA--USE    100    POINTS    MAXIMUM 
POINT    NO.  X-COORD  Y-COORD 


1 

100.00 

200.00 

2 

550.00 

200.00 

3 

1165.00 

400. 00 

4 

1600.00 

375.00 

5 

1600.00 

200.00 

LINE    DATA---USE    100    LINES    MAXIMUM 
POINT  POINT  SOIL 

11  2  2 

2  2  3  1 

3  3  4  1 

4  2  5  2 

SOIL  PROPERTIE«;--USE  10  SOILS  OR  LFSS 
SOIL  NO,   DENSITY   COh.   TAN   PP  RATIO   PP  pATlO  CAPLRY 
PCF     PSI    PHI 


1 

UO.O 

3.5  0.700 

1.100 

o.ooo 

2 

145.0 

0,0  1.000 

1.100 

0.000 

PHREATIC  SUREACE  POINTS--USP  10  POINTS  MayIMUM 
X-COORD  Y-COORD 

1  100.000  200.000 

2  1600.000  200.000 

THE  FOLLOWING  IS  A  PRINTOUT  OF  THE  LINE  ARRAY,  THF  TNlTlAL   3  LINES 
MUST  BE  THE  SURFACE  Op  THE  SLOPE  GOING  FROM  LEFT  Tn  RIGHT. 
THERE  MUST  BE  NO  VERTICAL  LtNES  AFTER  NO.   3  . 

NO.   X-LEFT    Y-LFFT    X-RGHT    Y-RGHT    SLOpr   SOIL 

1  100.00    200.00    550.00    200.00    0.0000    2 

2  550.00    200.00   1165.00    400.00    0.3252    1 

3  1165.00    400.00   1600.00    375.00   -0.0S75    1 

4  550.00    200.00   1600.00    200.00    O.OOftO    2 

NUMBER  OF  SLICES--100  OR  LESS 
50. 

THE  LOWEST  ELEVATION  THAT  SHOULD  OCCUR  ALONG 
ANY  TRIAL  FAILURE  SURFACE  (YMIN.) 
50.00 

THE  MINIMUM  VALUE  FOR  THE  GREATEST 
DEPTH  OF  THE  SLIDING  MASS  (DMIN). 
0.00 

1  COMPUTE  USING  AUTOMATIC  SEARCH  ROUTINE 

2  COMPUTE  USING  PRESCRIBED  CONTROL  GRTD 


X  AND  Y  COORDINATES  OF  THE  CENTER  nF 
THE  INITIAL  TRIAL  FAILURE  SURFACE. 


650.00 


725.00 


INCRFMENTS  OF  X  AND  Y  USED  IN  THE  COARSE  fiRID 
IN  SEARCHING  FOR  THF  MINIMUM  FACTOR  Or  SAFETY* 
THE  FINAL  GRm  IS  4  TIMFS  FINER. 


X  =   25.000 


Y  =   25,000 


X-CnORD    Y-COORD    RADIUS    NO  SLICES    Fs  BTSHOP    FS  FLNIUS 


650.00 
650.00 
650.00 
650.00 
650.00 
650.00 
650.00 
650.00 
650.00 
650.00 
650.00 
650.00 
650.00 
650.00 
650.00 
650.00 
650.00 
650.00 
650.00 


725,00 
725.00 
725.00 
725.00 
725,00 
725.00 
725.00 
725,00 
725.00 
725.00 
725.00 
725,00 
725.00 
725.00 
725.00 
725.00 
725.00 
725.00 
725.00 


675.00 
673.28 
656.13 
638.98 
621.83 
601.67 
587.52 
570.37 
553.21 
536.06 
518.91 
501.75 
5  31.77 
527,48 
523.20 
514.62 
510,33 
506,04 
48ft. 60 


35 

15 
13 
12 
10 

28 
26 
24 
21 
18 
15 
12 
18 
16 
16 
14 
14 
13 
9 


4.441 
4.423 
4.210 
4.006 
3.8i3 
1.63^ 
3.464 
3.303 
3.099 
2.961 
2.824 
2.983 
2.923 
2.8ft9 
2.8o6 
2.848 
2.881 
2.925 
3.6o8 


THE  LOWEST  SAFETY  FACTOR  FOUND  WAS   2.806  AT  Rx   523.20 


675.00 
675.00 
675.00 
675.00 
675.00 
675.00 
675.00 
675.00 
675.00 
675.00 
675.00 
675.00 
675.00 
675.00 
675.00 
675.00 
675.00 
675.00 
675.00 


725.00 
725.00 
725.00 
725.00 
725.00 
725.00 
725.00 
725.00 
725.00 
725.00 
725.00 
725.00 
725.00 
725.00 
725.00 
725,00 
725,00 
725.00 
725.00 


675.00 
673.22 
655,43 
637,63 
619,84 
602.04 
58ft. 25 
566.45 
548.66 
530.86 
513.07 
495.27 
526'.41 
521.97 
517.52 
508,62 
504,17 
499,72 
477,48 


THE  LOWFST  SAFETY  FACTOR  FOUND  WAS 
700.00     725.00     675,00 


35 

4.406 

35 

4.3P8 

33 

4.1*4 

31 

3.949 

10 

3.7/16 

28 

3.5*1 

26 

3.4o2 

23 

3.2D5 

21 

3*044 

18 

2.9*9 

16 

2.818 

12 

2.9*7 

17 

2.8*4 

16 

2.701 

16 

2.803 

14 

2.842 

14 

2.871 

14 

2.911 

9 

3.5*6 

2.791  AT  Rs   521 

3  6 


4.406 


3.693 
3.683 
3.559 
3.440 
3.332 
3.235 
3.143 
3.055 
2.917 
2.826 
2.726 
2.917 
2.795 
2.770 
2.700 
2.758 
2.800 
2.851 
3.576 


3.677 
3.666 
3.534 
3.405 
3.285 
3.178 
3.094 
2.968 
2.862 
2.824 
2.716 
2.899 
2.721 
2.672 
2.692 
2.747 
2.785 
2.834 
3.532 


3.691 
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700.00  725.00  673.16  36  4.3P7  3.6A0 

700.00  725.00  654.72  34  4.156  3.541 

700.00  725.00  636*.28  31  3.935  3.407 

700.00  725.00  617.85  29  3.727  3.280 

700.00  725,00  599,41  28  3.538  3.169 

700.00  725.00  58o.97  ?6  3.322  3.026 

700.00  725.00  562.54  23  3.2o8  2.972 

700.00  725.00  544.10  21  3.100  2.909 

700.00  725.00  525.66  18  2.8$7  2.719 

700.00  725.00  507.23  15  2.8i5  2.707 

700.00  725.00  488.79  13  2.953  2.881 

700.00  725.00  521.06  17  2.785  2.651 

700.00  725.00  516.45  17  2.792  2.666 

700.00  725.00  511.84  16  2.8©1  2.684 

700.00  725,00  502.62  15  2.836  2.737 

700.00  725.00  498.01  14  2.863  2.773 

700.00  725.00  493.40  13  2.900  2.819 

700.00  725.00  470.36  9  3.525  3.490 

THE  LOWEST  SAFETY  FACTOR  FOUND  WAS   2.785  AT  Rs   52I . 06  . 

725.00  725.00  675,00  35  4.438  3.731 

725.00  725.00  673*.09  35  4.419  3.721 

725.00  725.00  654.01  34  4.182  3.577 

725,00  725.00  634.94  32  3.958  3.441 

725,00  725.00  615.86  29  3.750  3.313 

725.00  725.00  596.78  27  3.505  3.148 

725.00  725.00  577.70  26  3.348  3.055 

725.00  725.00  558.62  23  3.190  2.949 

725.00  725.00  539,54  21  3.104  2.903 

725.00  725.00  520.47  18  2.785  2.636 

725.00  725.00  501.39  15  2.814  2.700 

725.00  725.00  534.78  19  3. 0*3  2.859 

725.00  725,00  530.01  19  2.9Q0  2.808 

725,00  725.00  525.24  19  2.8^0  2.668 

725.00  725.00  515.70  17  2.7P8  2.647 

725.00  725.00  510.93  17  2.7o3  2.661 

725.00  725.00  506.16  17  2.800  2.678 

725.00  725.00  482.31  13  2.940  2.864 

725.00  725.00  463.23  9  3.4A7  3.450 

THE  LOWEST  SAFETY  FACTOR  FpUND  WAS   2,785  AT  Rs   520.47  . 

700.00  750.00  700.00  36  4.414  3.726 

700.00  750.00  698.15  36  4.394  3.714 

700.00  750,00  679,61  34  4.1*9  3.569 

700.00  750.00  661.07  33  3.993  3.427 

700.00  750.00  642.53  31  3.720  3.294 

700.00  750.00  623.99  28  3,525  3.172 

700.00  750.00  605.46  26  3.302  3.019 

700.00  750.00  586.92  24  3,1*7  2.951 

700.00  750.00  568,38  21  3.0T1  2.889 

700.00  750.00  549.84  18  2.7$6  2.630 

700.00  750.00  531,30  16  2,8o2  2.699 

700.00  750.00  563.74  21  3.026  2.852 

700.00  750.00  559.11  20  2.977  2.812 

700.00  750.00  554.48  19  2.9i8  2.764 

700.00  750,00  545,21  18  2.770  2.642 

700.00  750.00  540.57  17  2.7*6  2.656 

700.00  750.60  535.94  16  2.788  2.676 

700.00  750.00  512.76  13  2.941  2.872 
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700.00     750.00     494.23 
THE  LOWEST  SAFETY  FACTOR  FOUND  WAS 


10  3,«5ll 

2,766  AT  R  =   549. 84 


3.477 


700.00 

775.00 

725.00 

37 

4.470 

3.796 

700.00 

775.00 

723.14 

36 

4.452 

3.785 

700.00 

775.00 

704,50 

35 

4.215 

3.638 

700.00 

775.00 

685'.86 

33 

3.9i8 

3.453 

700.00 

775.00 

667.22 

31 

3.720 

3.312 

700.00 

775.00 

648.58 

30 

3.518 

3,181 

700.00 

775.00 

629,94 

27 

3.3  44 

3.072 

700.00 

775.00 

611,30 

24 

3,154 

2.939 

700.00 

775.00 

592.66 

22 

3.045 

2.870 

700.00 

775,00 

574.02 

19 

2.751 

2.620 

700.00 

775.00 

555.38 

16 

2. 79O 

2.691 

700.00 

775.00 

588.00 

21 

3.0Q1 

2.8  34 

700.00 

775.00 

583.34 

20 

2.9S4 

2.796 

700.00 

775.00 

578,68 

20 

2.898 

2.750 

700.00 

775,00 

569.36 

18 

2.756 

2.633 

700.00 

775.00 

564.70 

18 

2.764 

2.649 

700.00 

775.00 

560.04 

17 

2.774 

2.667 

700.00 

775.00 

536.74 

13 

2.931 

2.865 

700.00 

775.00 

518.10 

10 

3.504 

3.471 

LOWEST 

SAFETY  FACTOR  FOUND  WAS 

2.751  AT  R=   574.02  . 

700.00 

800,00 

750.00 

37 

4.484 

3.833 

700.00 

800.00 

748,13 

37 

4,464 

3.821 

700.00 

800,00 

729.38 

35 

4.225 

3.669 

700.00 

800,00 

710.64 

33 

3.994 

3.520 

700.00 

800,00 

691.90 

32 

3.725 

3.333 

700.00 

800.00 

673.16 

30 

3.518 

3.195 

700.00 

800.00 

654.42 

27 

3.337 

3.077 

700.00 

800.00 

635.68 

24 

3.139 

2.932 

700.00 

800.00 

616,93 

23 

3.020 

2.852 

700.00 

800.00 

598.19 

19 

2.739 

2.613 

700.00 

800.00 

579.45 

17 

2.778 

2.683 

700.00 

800.00 

612.25 

22 

2.979 

2.818 

700.00 

800,00 

607.56 

21 

2.933 

2.780 

700.00 

800.00 

602.88 

20 

2.879 

2.737 

700.00 

800.00 

593.51 

19 

2.7^4 

2.625 

700.00 

800.00 

588.82 

18 

2.752 

2.641 

700.00 

800,00 

584.14 

17 

2.763 

2.660 

700.00 

800.00 

560.71 

13 

2.921 

2.858 

700.00 

800.00 

541.97 

9 

3.493 

3.462 

THE  LOWEST  SAFETY  FACTOR  FOUND  WAS   2.739  AT  R*   598. 1? 


700.00 

825.00 

775.00 

38 

4.525 

3,890 

700.00 

825.00 

773.12 

38 

4.481 

3.859 

700.00 

825.00 

754.27 

37 

4.238 

3.702 

700.00 

825,00 

735,43 

34 

4.005 

3.548 

700.00 

825,00 

716.59 

32 

3.782 

3.400 

700.00 

825.00 

697.74 

30 

3.522 

3.212 

700.00 

825.00 

678.90 

28 

3,334 

3.085 

700.00 

825.00 

660,06 

26 

3.130 

2.933 

700.00 

825,00 

641.21 

23 

3,003 

2.841 

700.00 

825,00 

622,37 

20 

2,726 

2.605 

700.00 

825.00 

603.53 

17 

2.768 

2.676 

700.00 

825.00 

636.50 

23 

2.959 

2,804 

700.00 

825,00 

631,79 

22 

2,914 

2.766 

700.00 

850.00 

800.00 

700.00 

850,00 

798'.  11 

700.00 

850.00 

779.16 

700.00 

850.00 

760.22 

700.00 

850.00 

741.27 

700.00 

850.00 

722,33 

700.00 

850.00 

703.38 

700.00 

850.00 

680.44 

700.00 

850.00 

665.49 

700.00 

850,00 

646'.54 

700.00 

850.00 

627.60 

700.00 

850.00 

660.75 

700.00 

850.00 

656.02 

700.00 

850,00 

651.28 

700.00 

850.00 

641.81 

700.00 

850.00 

637,07 

700.00 

850,00 

632.34 

700.00 

850.00 

608.65 

700.00 

850.00 

589.71 

700.00  825.00  627.08  21  2,863  2,724 

700.00  825.00  617,66  19  2.732  2,618 

700.00  825.00  612.95  19  2.7*1  2.634 

700.00  825.00  608.24  18  2.751  2.652 

700.00  825.00  584.68  14  2.9U  2.850 

700.00  825.00  565.84  10  3.480  3.450 

THE  LOWEST  SAFETY  FACTOR  FOUND  WAS 

3.930 
3.917 
3.737 
3.578 
3.425 
3.281 
3.098 
2.938 
2.836 
2.598 
2.669 
2.796 
2.756 
2.650 
2.611 
2.627 
2.646 
2.844 
3.443 

THE  LOWEST  SAFETY  FACTOR  FOUND  WAS 

700.00  875,00  825.00  39  4.567  3.971 

700.00  875.00  823.10  39  4.546  3.958 

700.00  875.00  804.05  37  4,325  3.815 

700.00  875.00  785.00  36  4.036  3.610 

700.00  875,00  765.95  34  3.8o6  3.452 

700.00  875.00  746.91  31  3.591  3.302 

700.00  875,00  727,86  29  3.343  3,114 

700.00  875.00  708.81  26  3.128  2.947 

700.00  875,00  689.77  24  2.986  2.837 

700.00  875.00  670.72  21  2.705  2.592 

700.00  875.00  651.67  18  2.749  2.664 

700.00  875.00  685.01  22  2.939  2.795 

700.00  875.00  680.24  22  2.890  2.752 

700.00  875,00  675.48  21  2.771  2,646 

700.00  875.00  665.96  21  2.7U  2.604 

700.00  875.00  661.20  19  2.720  2.620 

700.00  875.00  656.44  18  2.732  2.639 

700.00  875.00  632.63  14  2.894  2.837 

700.00  875.00  613.58  10  3,462  3.434 

THE  LOWEST  SAFETY  FACTOR  FOUND  WAS 

700.00  900.00  850.00  41  4,639  4,051 

700.00  900.00  848'.09  40  4.572  4,000 

700.00  900.00  828.94  38  4.3*5  3.850 

700.00  900.00  809,79  36  4«lo5  3,687 

700.00  900.00  790.64  34  3.822  3.480 

700.00  900.00  771.49  31  3.603  3.325 

700.00  900.00  752.34  30  3.352  3.131 

700.00  900.00  733'.19  27  3.133  2.959 


21 

2.863 

19 

2,732 

19 

2.74-1 

18 

2.751 

14 

2.91  1 

10 

3.480 

2.726  AT  R=   622 

39 

4.544 

39 

4.524 

37 

4.Z56 

35 

4.019 

32 

3.792 

31 

3.582 

?8 

3.337 

26 

3.127 

23 

2.992 

20 

2.715 

18 

2.758 

22 

2.946 

22 

2.899 

21 

2.780 

20 

2.721 

19 

2.730 

18 

2.742 

14 

2.903 

10 

3.472 

2.715  AT  R=   646 

39 

4.567 

39 

4.546 

37 

4.325 

3  6 

4.036 

34 

3.806 

31 

3.591 

29 

3.343 

26 

3.128 

24 

2.986 

21 

2.705 

18 

2.749 

22 

2.939 

22 

2.890 

21 

2.771 

21 

2.71  1 

19 

2.720 

18 

2.732 

14 

2.894 

10 

3.462 

2,705  AT  R=   670 

41 

4.639 

40 

4.572 

38 

4.3*5 

36 

4.105 

34 

3.822 

31 

3.603 

30 

3.352 

43 


700.00 

900.00 

714.05 

24 

2.9*7 

2.843 

700.00 

900,00 

694,90 

21 

2.700 

2.591 

700.00 

900.00 

675,75 

18 

2.740 

2.657 

700.00 

900.00 

709.26 

23 

2.937 

2.798 

700.00 

900.00 

704.47 

72 

2.686 

2.754 

700.00 

900.00 

699,68 

21 

2.703 

2.587 

700.00 

900.00 

690.11 

21 

2.702 

2.599 

700.00 

900.00 

685.32 

90 

2.710 

2.614 

700.00 

900.00 

680.54 

19 

2.723 

2.634 

700.00 

900.00 

656.60 

15 

2.886 

2.831 

700.00 

900.00 

637.45 

1  1 

3.452 

3.425 

LOWFST 

SAFETY  FACTOR  FOUND  WAS 

2,700  AT  R=   694,90  , 

700.00 

925,00 

875.00 

41 

4.664 

4.091 

700.00 

925.00 

873.07 

41 

4.644 

4.079 

700.00 

925.00 

853.82 

39 

4.369 

3.888 

700.00 

925.00 

834.57 

36 

4.125 

3.720 

700.00 

925.00 

815.32 

35 

3.840 

3.509 

700.00 

925.00 

796.07 

32 

3.618 

3.349 

700.00 

925.00 

776.82 

30 

3.363 

3.151 

700.00 

925.00 

757.57 

27 

3.141 

2.974 

700.00 

925.00 

738,32 

24 

2.991 

2.852 

700.00 

925,00 

719.07 

21 

2.700 

2.595 

700.00 

925,00 

699.82 

19 

2.732 

2.652 

700.00 

925.00 

733.51 

23 

2.940 

2.806 

700.00 

925.00 

728.70 

23 

2.831 

2.706 

700.00 

925.00 

723.89 

22 

2.705 

2.594 

700.00 

925,00 

714.26 

21 

2.700 

2.600 

700.00 

925.00 

709.45 

20 

2.7Q4 

2.610 

700.00 

925.00 

704.64 

20 

2.714 

2.627 

700.00 

925.00 

680.57 

15 

2.87" 

2.825 

700.00 

925.00 

661.32 

1  1 

3.  4  45 

3.419 

LOWEST 

SAFETY  FACTOR  FOUND  WAS 

2,700  AT  R=   714,26  , 

700.00 

950.00 

900.00 

41 

4.69I 

4.134 

700.00 

950.00 

898,06 

41 

4.670 

4.120 

700.00 

950.00 

878.71 

40 

4.418 

3.948 

700.00 

950.00 

859.36 

3  7 

4.147 

3.754 

700.00 

950.00 

840.01 

35 

3.911 

3.586 

700.00 

950,00 

820.66 

33 

3.634 

3.375 

700.00 

950.00 

801,30 

30 

3.377 

3.173 

700.00 

950.00 

781,95 

27 

3.151 

2.990 

700.00 

950.00 

762,60 

24 

2.997 

2.864 

700.00 

950.00 

743.25 

22 

2.704 

2.602 

700.00 

950.00 

723.90 

20 

2.723 

2.645 

700.00 

950.00 

757,76 

23 

2.94-5 

2.817 

700.00 

950.00 

752.93 

23 

2.837 

2.717 

700.00 

950.00 

748.09 

22 

2.7}  2 

2.604 

700.00 

950.00 

738.41 

21 

2.7ol 

2.605 

700.00 

950.00 

733.57 

20 

2.7o2 

2.612 

700.00 

950.00 

728'.74 

20 

2.709 

2.624 

700.00 

950.00 

704.55 

16 

2.871 

2.819 

700.00 

950.00 

685,19 

11 

3.436 

3.410 

THE  LOWEST  SAFETY  FACTOR  FOUND  WAS   2.701  AT  Rs   738.41  . 


725.00 

925.00 

875.00 

41 

4.726 

4.158 

725.00 

925.00 

873.01 

41 

4.7Q6 

4.146 

725.00 

925.00 

853.12 

39 

4.406 

3.935 

725.00  925.00  833.23  36  4. 187  3.788 

725.00  925.00  813.33  34  3.900  3.576 

725.00  925.00  793.44  31  3.684  3.422 

725.00  925.00  773.55  30  3.43*  3.230 

725.00  925.00  753.66  27  3.23*  3.068 

725.00  925.00  733.77  24  3.045  2.901 

725.00  925.00  713.88  21  2.733  2.625' 

725.00  925.00  693.98  19  2.730  2.646 

725.00  925.00  674.09  15  2.8*5  2.809 

725.00  925.00  708.90  21  2.795  2.622 

725.00  925.00  703.93  ?0  2.721  2.624 

725.00  925.00  698.96  19  2.722  2.632 

725.00  925.00  689.01  19  2.747  2.670 

725.00  925,00  684,04  17  2.776  2.706 

725.00  925.00  679.06  16  2.814  2.751 

725.00  925.00  654",20  11  3.408  3.381 

THF  LOWEST  SAFETY  FACTOR  FOiiND  WAS   2,721  AT  R=   703.93  , 

675.00  925.00  875.00  4 1  4.621  4.042 

675.00  925.00  873.14  '1 1  4.601  4.029 

675.00  925.00  854.53  38  4.330  3.841 

675.00  925.00  835.92  37  4.089  3.674 

675.00  925.00  817.31  35  3*856  3.511 

675.00  925.00  798.71  33  3.583  3.305 

675.00  925.00  780.10  30  3.374  3.154 

675.00  925.00  761,49  27  3.139  2.969 

675.00  925.00  742.88  25  2.959  2.826 

675.00  925.00  724'.27  22  2.687  2.585 

675.00  925.00  705.66  18  2.738  2.662 

675.00  925.00  738.23  23  2.902  2.775 

675.00  925.00  733.58  23  2.860  2.738 

675.00  925.00  728.92  22  2.822  2.707 

675.00  925.00  719.62  21  2.694  2.598 

675.00  925.00  714.97  20  2.7<>5  2.616 

675.00  925.00  710.31  19  2.719  2.636 

675.00  925,00  687.05  15  2.894  2.843 

675.00  925.00  668.45  10  3.484  3.459 

THE  LOWEST  SAFETY  FACTnR  FOUND  WAS   2.687  AT  Ra   724.2?  . 

650.00  925.00  875.00  40  4.623  4.030 

650.00  925.00  873.20  40  4.60«  4.018 

650.00  925.00  855.24  39  4.316  3.816 

650.00  925.00  837.27  37  4.079  3.652 

650.00  925.00  819.30  35  3.A49  3.490 

650.00  925.00  801.34  33  3.628  3.334 

650.00  925,00  783.37  31  3.36?  3.135 

650.00  925.00  765.40  28  3.180  3,001 

650.00  925.00  747.44  25  2.926  2.792 

650.00  925.00  729.47  22  2.789  2.686 

650.00  925,00  71l'.50  18  2.746  2.672 

650.00  925.00  693.54  15  2.910  2.861 

650.00  925.00  724.98  20  2.607  2.606 

650.00  925,00  720*.49  20  2.709  2.624 

650.00  925.00  715.99  19  2.725  2.645 

650.00  925.00  707'.01  18  2.772  2.705, 

650.00  925.00  702.52  16  2.8n6  2.745 

650.00  925.00  698.03  16  2.852  2.797 

650.00  925.00  675*.57  10  3.524  3.500 


45 


THE  LOWFST  SAFETY  FACTPR  FOUND  WAS 


675.00 
675.00 
675.00 
675.00 
675.00 
675.00 
675.00 
675.00 
675.00 
675.00 
675.00 
675.00 
675.00 
675.00 
675.00 
675.00 
675.00 
675.00 
675.00 


950,00 
950.00 
950.00 
950.00 
950.00 
950.00 
950.00 
950.00 
950,00 
950.00 
950,00 
950.00 
950.00 
950,00 
950,00 
950,00 
950.00 
950,00 
950,00 


900,00 
898.13 
879..  42 
860.71 
84?, 00 
823.29 
804'.58 
78«5.87 
767.16 
748.45 
729.74 
76?, 48 
757,80 
753.12 
743.77 
739,09 
734'.41 
711.03 
69?. 32 


2.697 

AT  Rs   724 

42 

4.645 

42 

4.654 

40 

4.353 

37 

4.108 

35 

3.871 

33 

3.596 

31 

3.382 

28 

3.144 

25 

2.959 

22 

2.683 

18 

2.730 

24 

2.901 

23 

2.838 

22 

2.775 

21 

2.687 

21 

2.696 

20 

2.712 

16 

2.887 

11 

3.473 

THE  LOWEST  SAFETY  FACTOR  FOUND  WAS   2.683  AT  Rs   7^8.45 


675.00 
675.00 
675.00 
675.00 
675.00 
675.00 
675.00 
675.00 
675.00 
675.00 
675.00 
675.00 
675.00 
675.00 
675.00 
675.00 
675.00 
675.00 
675.00 


975.00 
975.00 
975.00 
975.00 
975.00 
975.00 
975.00 
975.00 
975.00 
975.00 
975.00 
975.00 
975.00 
975.00 
975.00 
975.00 
975.00 
975.00 
975.00 


925.00 
923.12 
904.31 
885.49 
866.68 
847.87 
829,06 
810.25 
791.44 
772.62 
753.81 
786,73 
782.03 
777.33 
767.92 
763'.22 
758,51 
735.00 
716.19 


THE  LOWEST  SAFETY  FACTOR  FOUND  WAS 


700.00 
700.00 
700.00 
700.00 
700.00 
700.00 
700.00 
700.00 
700.00 
700.00 
700.00 
700.00 
700.00 
700.00 
700.00 


950.00 
950.00 
950.00 
950.00 
950.00 
950.00 
950.00 
950.00 
950.00 
950.00 
950.00 
950.00 
950.00 
950.00 
950.00 


900.00 
898.06 
878.71 
859.36 
840.01 
820'.66 
801.30 
781.95 
762^60 
743,25 
723.90 
757.76 
752.93 
748,09 
738.41 


42 

4.672 

4  2 

4.651 

40 

4.4?3 

38 

4.129 

36 

3,888 

34 

3,660 

31 

3.393 

28 

3.151 

25 

2.963 

22 

2.683 

19 

2.724 

24 

2.905 

24 

2.8M 

23 

2.775 

21 

2.684 

21 

2,690 

21 

2.703 

15 

2.880 

11 

3.465 

2.683  AT  Rb   772 

41 

4.69I 

41 

4.670 

40 

4.4]8 

37 

4. 1^7 

35 

3.9ll 

3  3 

3.63* 

30 

3.377 

27 

3.151 

24 

2.997 

22 

2.704 

20 

2.723 

23 

2.94.5 

23 

2.837 

22 

2.7J2 

21 

2.7ol 

4,081 
4,068 
3.877 
3.705 
3.537 
3.327 
3.170 
2.980 
2.831 
2.584 
2.656 
2.779 
2.741 
2.664 
2.594 
2.609 
2.631 
2.837 
3.449 


4.123 
4.109 
3.954 
3.738 
3.564 
3.398 
3.188 
2.993 
2.839 
2.588 
2.651 
2.786 
2.748 
2.668 
2.594 
2*606 
2.625 
2.832 
3.442 


4.134 
4.120 
3.948 
3.754 
3.586 
3.375 
3.173 
2.990 
2.864 
2.602 
2.645 
2.817 
2.717 
2.604 
2.605 
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700.00 
700.00 
700.00 
700.00 


950,00 
950.00 
950.00 
950.00 


733.57 
728.74 
704.55 
685.19 


2.7o2 
2.709 
2.871 
3.436 


THE  LOWEST  SAFETY  FACTOR  FOUND  WAS   2.701  AT  R  =   738.41 


2.612 
2.624 
2.819 
3,410 


650.00 
650.00 
650.00 
650.00 
650.00 
650.00 
650.00 
650.00 
650.00 
650.00 
650.00 
650.00 
650.00 
650.00 
650.00 
650.00 
650.00 
650.00 
650.00 


950,00 
950.00 
950.00 
950.00 
950,00 
950.00 
950.00 
950.00 
950.00 
950.00 
950.00 
950.00 
950.00 
950.00 
950.00 
950.00 
950.00 
950.00 
950.00 


900.00 
898.19 
880.12 
862.06 
843.99 
825.92 
807.85 
789.78 
771.71 
753.64 
735.58 
717.51 
749.13 
744,61 
740.09 
731 .06 
726.54 
722.02 
699.44 


THE  LOWEST  SAFETY  FACTOR  FOUND  WAS 


681.25 
681.25 
681.25 
681.25 
681.25 
681.25 
681.25 
681.25 
681.25 
681.25 
681.25 
681.25 
681.25 
681.25 
681.25 
681.25 
681.25 
681.25 
681.25 


950.00 
950.00 
950.00 
950.00 
950,00 
950.00 
950.00 
950.00 
950.00 
950,00 
950,00 
950.00 
950.00 
950.00 
950,00 
950.00 
950.00 
950.00 
950.00 


900.00 
898.11 
879,24 
860.37 
841 ,50 
822.63 
803.76 
784,89 
766,02 
747,15 
728.28 
761.30 
756.58 
751.87 
742.43 
737.71 
732.99 
709,41 
690.54 


THE  LOWFST  SAFETY  FACTOR  FOUND  WAS 


668.75 
668.75 
668.75 
668.75 
668.75 
668.75 
668.75 
668.75 
668.75 
668.75 


950.00 
950.00 
950.00 
950.00 
950.00 
950,00 
950.00 
950.00 
950.00 
950.00 


900 
898 
879 
861 
842 
823 
805 
786 
768 
749 


.00 
.15 
.60 
.05 
.50 
.95 
.40 
,85 
.30 
.75 


42 

4.642 

42 

4.623 

40 

4.380 

37 

4.143 

35 

3.8«0 

34 

3.634 

31 

3.370 

28 

3.177 

25 

2.917 

23 

2.780 

19 

2.738 

15 

2.904 

21 

2.689 

20 

2.701 

19 

2.717 

17 

2.7*5 

17 

2.799 

16 

2.«44 

11 

3.515 

2.689  AT  Rs   749 

42 

4.644 

42 

4.623 

39 

4-397 

37 

4,104 

35 

3.866 

33 

3.640 

31 

3.378 

28 

3.142 

24 

2.964 

22 

2.687 

19 

2.729 

24 

2.910 

23 

2.8«8 

22 

2.770 

21 

?.688 

21 

2.6*6 

20 

2.710 

15 

2.883 

11 

3.464 

2,687  AT  Rs   7f7 

41 

4.648 

41 

4.6?8 

40 

4.356 

38 

4.H4 

35 

3.878 

33 

3.6C2 

30 

3.389 

28 

3.l4fl 

25 

2.957 

22 

2.680 

4.065 
4.053 
3.887 
3.722 
3.513 
3.351 
3.147 
3.005 
2.788 
2.680 
2.667 
2.856 
2.600 
2.618 
2.640 
2.700 
2,740 
2.791 
3.492 


4,085 
4.071 
3.919 
3.705 
3.535 
3.373 
3.168 
2.980 
2.835 
2.587 
2.653 
2.786 
2.748 
2.659 
2.594 
2.608 
2.629 
2.833 
3.439 


4.080 
4.067 
3.877 
3.707 
3.540 
3.330 
3.174 
2.983 
2.829 
2.582 
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668.75  950.00  731. ?0  18  2.733  2.659 

668.75  950.00  763.66  24  2.807  2.775 

668.75  950.00  759.02  23  2«8<|9  2.733 

668.75  950.00  75a. 38  22  2,R|1  2.704 

668.75  950.00  745.11  21  2.686  2.594 

668.75  950.00  740.47  ?0  2.698  2.612 

668.75  950.00  735.83  ?0  2.7i3  2.633 

668.75  950.00  712.65  16  2.891  2.841 

668.75  950.00  694.10  10  3.48"*  3.461 

THE  LOWEST  SAFETY  FACTOR  FOUND  WAS   2.680  AT  Rs   7/|9.75  , 

662.50  950.00  900.00  41  4.653  4.081 

662.50  950.00  898.16  41  4.609  4.048 

662.50  950.00  879.77  39  4. 362  3.878 

662.50  950.00  861*.  38  38  4.121  3.710 

662.50  950.00  84?. 99  36  3.888  3.545 

662.50  950.00  824.60  33  3.611  3.335 

662.50  950.00  806.21  31  3.399  3.180 

662.50  950.00  787.82  28  3.155  2.988 

662.50  950.00  769.44  25  2.906  2.777 

662.50  950.00  751.05  22  2.739  2.637 

662.50  950.00  732.66  19  2.735  2.66? 

662.50  950.00  714,27  15  7.895  2i846 

662.50  950,00  746.45  22  2.687  2.596 

662.50  950.00  741.85  20  2.699  2.614 

662.50  950.00  737.25  19  2.714  2.635 

662.50  950.00  728.06  18  2.760  2,693 

662.50  950.00  723.46  17  2.794  2.733 

662.50  950.00  718.86  16  2..S37  2.782 

662.50  950.00  695.88  11  3.495  3.472 

THE  LOWEST  SAFETY  FACTOR  FOUND  WAS   ?,687  AT  Rs   7^6,45  , 

668.75  956.25  906.25  41  4.654  4,090 

668.75  956.25  904.39  41  4.634  4.077 

668.75  956.25  885.82  40  4.3^2  3.886 

668.75  956. ?5  867.24  38  4.H8  3,715 

668.75  956.25  848.67  35  3.882  3.547 

668.75  956.25  830.09  33  3.605  3.336 

668.75  956.25  811.52  30  3.391  3.178 

668.75  956.25  792'.94  28  3.150  2.986 

668.75  956.25  774.37  25  2.957  2.831 

668.75  956.25  755.79  22  2.679  2t582 

668.75  956.25  737,22  18  2.731  2t657 

668.75  956. ?5  769.72  ?4  ?.897  2t776 

668.75  956.25  765.08  ?3  2.8^9  2.734 

668.75  956.25  760.43  22  ?.8l4  2.704 

668.75  956,25  751.15  21  2.6*5  2.593 

668,75  956.25  746.50  21  2**96  2.610 

668.75  956,25  741,86  20  2.7U  2.632 

668.75  956.25  718.64  16  2,889  2.840 

668.75  956.25  700,06  10  3.482  3.458 

THE  LOWEST  SAFETY  FACTOR  FOUND  WAS   2.679  AT  R*   755.79  . 

668.75  962.50  912.50  42  4.660  4,100 

668.75  962.50  910,64  42  4,640  4,086 

668.75  962,50  89?. 04  40  4.368  3.895 

668.75  962.50  873.44  38  4.123  3.723 

668.75  962.50  854.84  35  3.886  3.553 


668.75  962.50  836.24  33  3.6Q9  3.341 

668.75  962.50  817.64  31  3.3?4  3.182 

668.75  962.50  799.04  29  3.151  2.989 

668.75  962.50  780.44  25  2.95«  2.832 

668.75  962.50  761.83  22  2.679  2.583 

668.75  962.50  743.23  18  2.729  2.656 

668.75  962.50  775.78  24  2.897  2.778 

668.75  962.50  771.13  23  2.«49  2.735 

668.75  962.50  766.48  22  2.813  2.704 

668.75  962.50  757.18  21  2.683  2.593 

668.75  962.50  752.53  21  2.A93  2.609 

668.75  962.50  747.88  20  2.709  2.631 

668.75  962.50  724.63  16  2.887  2.839 

668.75  962.50  706.03  11  3.479  3.455 

THE  LOWFST  SAFETY  FACTOR  FOUND  WAS   2.679  AT  Rs   761.83  , 

668.75  968.75  918,75  42  4.6$7  4.110 

668.75  968.75  916.89  42  4.646  4.096 

668.75  968.75  898.26  40  4.374  3.904 

668.75  968.75  879.64  38  4.128  3.731 

668.75  968,75  86l'.01  35  3.890  3.560 

668.75  968.75  842.38  33  3.M2  3.347 

668.75  968.75  823.76  31  3.396  3.187 

668.75  968.75  805.13  29  3.152  2.992 

668.75  968.75  786.50  25  2. 906  2.781 

668.75  968.75  767.88  22  2.679  2.583 

668.75  968.75  749.25  19  2.797  2.655 

668.75  968.75  781.85  24  2.897  2.779 

668.75  968.75  777,19  24  2.8$9  2.736 

668.75  968.75  772,54  22  2,fll2  2.704 

668,75  968,75  763,22  21  2.682  2.592 

668.75  968.75  758,57  21  2.691  2.607 

668.75  968.75  753.91  20  2.7©8  2.630 

668.75  968.75  730.63  16  2.886  2.838 

668.75  968.75  712.00  11  3.4*7  3.454 

THE  LOWFST  SAFETY  FACTOR  FOUND  WAS   2,679  AT  R  =   7*7,88  , 

668.75  975,00  925,00  42  4.674  4,120 

668.75  975.00  923.13  42  4,*52  4.106 

668.75  975.00  904.48  40  4.428  3.955 

668.75  975.00  885.83  38  4.133  3.739 

668.75  975. 00  867.18  36  3.8g4  3.567 

668.75  975.00  848.53  34  3,*i6  3.353 

668.75  975,00  829,88  31  1,399  3.191 

668.75  975.00  811.23  29  3.154  2.995 

668.75  975.00  792.57  25  2.907  2.783 

668.75  975.00  773*.92  22  2.679  2.584 

668,75  975.00  755.27  19  2.725  2.654 

668.75  975.00  787.91  24  2.898  2.781 

668.75  975.00  783.25  24  2.850  2.738 

668.75  975,00  778.59  22  2.770  2.663 

668,75  975,00  769.26  21  2.682  2.592 

668.75  975.00  764.60  21  2.690  2.606 

668.75  975.00  759.93  21  2.7Q6  2.628 

668.75  975.00  736.62  16  2.804  2.837 

668.75  975.00  717.97  11  3.475  3.452 

THE  LOWEST  SAFETY  FACTOR  FOUND  WAS   2,679  AT  R»   773.92  , 
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675.00  968,75  918.75  42  4.6*5  4,113 

675.00  968.75  916.87  42  4.644  4.098 

675.00  968.75  898*.08  40  4.4i7  3.945 

675.00  968.75  879.30  38  4.124  3.730 

675.00  968.75  860,51  35  3.884  3.557 

675.00  968,75  841.73  34  3.657  3.392 

675.00  968.75  822.94  31  3.390  3.184 

675.00  968.75  804.15  28  3.149  2.990 

675.00  968.75  785.37  25  2.961  2.836 

675.00  968.75  766.58  22  9.6*3  2.586 

675.00  968.75  747.79  19  2.725  2.652 

675.00  968.75  780.67  24  2.904  2.784 

675.00  968,75  775.97  24  2.860  2.746 

675.00  968.75  771.28  22  2,775  2.667 

675.00  968,75  76l'.88  21  ?,6a4  2.594 

675.00  968.75  757,19  21  2,691  2.606 

675.00  968.75  752.49  21  2.7Q5  2.626 

675.00  968,75  729,01  15  2,882  2,833 

675.00  968,75  710,22  11  3,467  3,444 

THE  LOWEST  SAFETY  FACTOR  FOUND  WAS   2.683  AT  R«   766.58  . 

662.50  968.75  918.75  42  4.670  4.110 

662.50  968,75  916,90  41  4.650  4.096 

662.50  968,75  898.44  40  4.378  3.905 

662.50  968.75  879,97  38  4.135  3.733 

662.50  968,75  861.51  36  3,898  3.564 

662,50  968,75  843,04  33  3,620  3,351 

662.50  968.75  824'.58  31  3.404  3.191 

662.50  968,75  806,11  29  3.158  2.995 

662.50  968.75  787.64  25  2.90*  2.781 

662.50  968.75  769.18  22  2,725  2.627 

662.50  968,75  750.71  18  2.729  2.658 

662.50  968.75  783.03  25  2.«94  2.777 

662.50  968.75  778*.41  23  2.842  2.730 

662.50  968.75  773.79  23  2.8Q8  2.701 

662.50  968.75  764.56  22  2.681  2.592 

662.50  968,75  759.95  21  2.693  2.610 

662.50  968,75  755.33  20  2.709  2.632 

662.50  968,75  732.25  16  2.890  2.842 

662.50  968.75  713.78  11  3. 438  3.465 

THE  LOWEST  SAFETY  FACTOR  FOUND  WAS   2.681  AT  R»   764.56  . 

THE  MINIMUM  FACTOR  OF  SAFETY  IS   2.679  FOR  X*   668.75  AND  Y*   968,75 


OU.   S.  GOVERNMENT   PRINTING  OFFICE  :  1969  O  -  33f 


IC 


bureau  of  mines         0^_"|  1 
information  circular  Ot"1J- 


4  ■ 

SSSL 


JUN2  5 
JL  1969 


SUPPLY  AND  DEMAND  FOR  ENERGY 
IN  THE  UNITED  STATES  BY  STATES 
AND  REGIONS,  1960  AND  1965 

(In  Four  Parts) 

4.  Petroleum  and  Natural  Gas  Liquids 


UNITED    STATES    DEPARTMENT    OF   THE    INTERIOR 

BUREAU    OF    MINES 
1969 


SUPPLY  AND  DEMAND  FOR  ENERGY 
IN  THE  UNITED  STATES  BY  STATES 
AND  REGIONS,  1960  AND  1965 

(In  Four  Parts) 

4.  Petroleum  and  Natural  Gas  Liquids 

By  Lulie  H.  Crump  and  Phillip  N.  Yasnowsky 


¥  *  * 


information  circular  8411 


UNITED  STATES  DEPARTMENT  OF  THE  INTERIOR 
Walter  J.  Hickel,  Secretary 


BUREAU  OF  MINES 
John  F.  O'Leary,   Director 


This  publication  has  been  cataloged  as  follows: 


Crump,  Lulie  H 

Supply  and  demand  for  energy  in  th 

e  United  States  by  States 

and  regions,  1960  and  1965.  (In  four 

parts.) 

4.  Petroleum  and 

natural    gas    liguids,    by    Lulie    H. 

Crump 

and    Phillip    N. 

Yasnowsky.    [Washington]    U.  S.  Dept.  of  the  Interior,  Bureau 

of  Mines  [19691 

25  P«    illus.,  tables.    (U.  S.  Bureau  of  Mines. 

Information  circular 

8411) 

1.    Power   resources— U.S.      2.   Petrole 

am— U.S. 

3.   Gas,  Natural— 

U.S.    I.  Yasnowsky,  Phillip  N.,  jt.  auth. 

II.  Title 

.    (Series) 

TN23.U71     no.  8411      622.06173 

U.  S.  Dept.  of  the  Int.  Library 

For  sale  by  the  Superintendent  of  Documents,  U.S.  Government  Printing  Office 
Washington,  D.C.  20402  -  Price  55  cents 


FOREWORD 

Each  year  the  Bureau  of  Mines  features  an  annual  energy  balance  by  source, 
form,  and  end-use  in  the  Minerals  Yearbook.   It  has  been  suggested  that  this 
national  balance  would  be  improved  if  it  were  prepared  within  the  context  of 
prior  State  and  regional  balances,  and  interregional  energy  flows. 

Unfortunately,  supply  and  demand  data  on  a  State-by-State  basis  for  vari- 
ous energy  sources,  forms,  and  markets  are  not  readily  available.   This  study 
attempts  to  correct  this  deficiency  by  constructing  an  energy  model  at  the 
State  and  regional  level  and  quantifying  this  with  available  data  and  informa- 
tion.  The  study  is  presented  in  four  parts:   (1)  Coal,  (2)  Utility  Electric- 
ity, (3)  Natural  Gas,  and  (4)  Petroleum  and  Natural  Gas  Liquids.   Data  are 
shown  for  the  years  1960  and  1965. 

The  State  and  regional  commodity  balances  presented  in  the  four  parts  of 
the  study  are  compatible  with  and  additive  to  the  Bureau' s  national  balances 
for  1960  and  1965  as  shown  in  the  Minerals  Yearbook.   This  compatibility  was 
achieved  by  using  the  national  energy  model  as  a  base  for  the  State  and 
regional  model ;  by  standard  presentation  of  energy  components  within  a 
50-State,  three-region,  and  seven-subregion  framework;  and  by  the  use  of 
standard  units  as  well  as  energy  equivalents--British  thermal  units.   The  sep- 
arate commodity  balances  and  flows  are  also  designed  to  serve  as  inputs  for 
the  construction  of  integrated  energy  balances  at  the  State,  regional,  and 
national  levels.   These  integrated  balances  will  be  the  subject  of  a  second 
study  to  be  released  at  a  later  date. 


WILLIAM  A.  VOGELY 
Assistant  Director- - 
Mineral  Resource  Evaluation 
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SUPPLY   AND   DEMAND   FOR    ENERGY    IN   THE   UNITED   STATES 
BY   STATES   AND   REGIONS,  1960  AND  1965 

(In  Four  Parts) 

4.    Petroleum  and  Natural  Gas  Liquids 

by 

Lulie  H.  Crump1   and  Phillip  N.  Yasnowsky2 


ABSTRACT 

U.S.  supply  and  demand  data  for  petroleum  and  natural  gas  liquids,  by 
States  and  regions,  were  tabulated  for  the  years  1960  and  1965.   Estimates  are 
provided  of  State-by-State  quantitative  data  for  the  petroleum  and  natural  gas 
liquids  industry  that  can  be  integrated  into  State,  regional,  and  national 
energy  balances  by  source,  form,  and  consumer  sectors,  and  used  for  determina- 
tion of  interstate  and  interregional  energy  flows.   Tables  1-4  show  the  esti- 
mated total  supply  of  petroleum  available  for  consumption  and  the  supply's 
distribution  among  the  major  consumer  demand  sectors  (household  and  commercial, 
industrial,  transportation,  and  electricity  generation).   To  obtain  summary 
figures  for  the  major  proportion  of  refined  products  by  States,  individual 
tables  were  compiled  for  the  six  major  products  (tables  5-16).   To  enable  com- 
parison of  petroleum  data  with  those  for  other  energy  forms,  conventional  vol- 
umetric data  in  barrels  were  converted  to  their  British  thermal  unit  (Btu) 
equivalents.   Interregional  shipments  of  crude  petroleum  and  theoretical  flow 
patterns  for  petroleum  products  are  shown  in  figures  1-4. 

INTRODUCTION 

Supply  and  demand  data  on  a  State-by-State  basis  for  various  energy  forms 
and  markets  have  not  been  readily  available  for  use  by  those  engaged  in  energy 
analysis  and  forecasting.   Much  of  the  available  major  energy  resources  data 
is  prepared  on  the  basis  of  regional  divisions  peculiar  to  each  industry.   The 
primary  purpose  of  this  study  is  to  provide,  on  a  State-by-State  basis,  petro- 
leum and  natural  gas  liquids  industry  data  that  can  be  (1)  integrated  into 
State  and  regional  energy  balances  by  source,  form,  and  consumer  sectors,  and 
(2)  used  to  determine  interstate  and  interregional  energy  flows. 

Because  the  complexity  of  petroleum  statistics  exceeds  that  for  other 
energy  sources,  a  table  is  included  (see  appendix)  describing  the  basic  meth- 
odology used  to  develop  the  input  data,  presenting  the  computational 

■"■Statistical  assistant,  Division  of  Mineral  Economics,  Bureau  of  Mines,  Wash- 
ington,  D.C. 
Economist,  Division  of  Mineral  Economics,  Bureau  of  Mines,  Washington,  D.C. 


procedures  and  identifying  source  material.   The  primary  energy  source  mate- 
rial is  Bureau  of  Mines1  petroleum  and  natural  gas  liquids  data  published 
annually  in  the  Minerals  Yearbook  and  Mineral  Industry  Surveys  series. 

METHODOLOGY 

Regions  and  States 

In  this  study,  the  United  States  was  arbitrarily  divided  into  three 
energy  regions  : 

Region  I  Eastern  United  States: 


Subregion  la: 
Maine 

New  Hampshire 
Vermont 
Massachusetts 
Rhode  Island 
Connecticut 
New  York 
New  Jersey 


Pennsylvania 

Delaware 

Maryland 

District  of  Columbia 

Virginia 

West  Virginia 

North  Carolina 

South  Carolina 


Georgia 

Florida 

Kentucky 

Tennessee 

Alabama 

Mississippi 

Ohio 


Subregion  lb: 
Indiana 
Illinois 
Michigan 
Wisconsin 


Region  II   Central  United  States : 


Subregion  Ila: 
Minnesota 
Iowa 

Missouri 
North  Dakota 
South  Dakota 
Nebraska 


Subregion  lib 
Arkansas 
Louisiana 
Oklahoma 
Texas 

New  Mexico 
Kansas 


Region  III  Western  United  States  : 


Subregion  Ilia: 
Montana 
Idaho 
Wyoming 
Utah 

Colorado 
Washington 
Oregon 


Subregion  Illb: 
Arizona 
Nevada 
California 

Subregion  IIIc : 
Alaska 
Hawaii 


Btu  Conversions 


Crude  Petroleum 


Heat  value  for  U.S.  total  crude  oil  for  each  year  shown  is  based  on  the 
average  British  thermal  unit  (Btu)  value  of  total  output  of  petroleum  products 


(including  refinery  fuel  and  losses) ,  adjusted  to  exclude  natural  gas  liquids 
inputs  and  their  implicitly  derived  heat  values.   Heat  value  for  net  imports 
of  crude  is  based  on  the  average  Btu  value  of  crude  runs  to  stills. 

Petroleum  Products 

The  following  factors  were  used  to  convert  the  various  product  volumes  to 
Bt  u  values : 


Product : 

Gasoline 

Kerosine 

Distillate  fuel  oil 

Residual  fuel  oil 

Jet  fuel  (naphtha-type) 
Liquefied  gases 


Factor 
(Btu  per  barrel) 

5,248,000 
5,670,000 
5,825,000 
6,287,000 
5,248,000 
4,011,000 


Minor  adjustments  were  made  in  order  to  balance  energy  values  on  a  State 
and  regional  basis  and  to  meet  published  national  totals. 

SUMMARY  OF  DATA 

Analysis  of  crude  oil  data  shows  a  relatively  stable  percentage  distribu- 
tion of  production,  runs  to  stills,  and  apparent  demand  between  subregions 
over  the  5-year  period  1960-65.   Subregion  lib,  the  major  surplus  region, 
accounted  for  slightly  more  than  two-thirds  of  the  crude  oil  production  and 
nearly  one-half  of  the  crude  runs  to  stills  in  both  years.   The  distribution 
and  Subregion  lib  shipping  trends  are  shown  in  the  following  tabulations: 


Crude  o 

il  distribution, 

percent 

Subregion 

Production 

Runs  to  stills 

Apparent 

demand 

1960 

1965 

1960 

1965 

1960 

1965 

la 

3.7 

4.1 

1.8 

68.8 

9.7 

11.9 

Neg. 

3.8 
3.2 
1.5 

71.9 
8.1 

11.1 
.4 

21.2 
13.9 

2.1 
44.8 

5.0 
13.0 
Neg. 

21.0 
13.4 

2.2 
44.7 

5.6 

12.5 

.6 

45.8 

13.5 

6.7 

15.4 

5.7 

11.8 

.5 

.6 

48. 1 

lb 

13.0 

Ha 

6.4 

lib 

17.2 

Ilia 

5.5 

Illb 

9.9 

.9 

-1.0 

IIIc 

Unaccounted  for.... 

Total 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

Neg. --Negligible. 


Subregion 

Net 

crude  oil  shipped  from  subregion  lib 

destination 

to  other  subregions,  percent 

1.960 

1965 

la 

47.0 

46.4 

lb 

50.9 

50.6 

Ha 

3.9 

2.5 

Ilia 

-2.8 

-.7 

Illb 

1.6 

1.2 

IIIc 

- 

- 

Imports 

-.6 

- 

Total.. 

100.0 

100.0 

Although  total  demand  for  products  by  districts  remained  on  a  fairly 
stable  basis  between  1960  and  1965,  there  were  shifts  within  the  various  major 
product  outputs  and  demands  by  State. 
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FIGURE  1.  -  Flow  Pattern  for  Crude  Petroleum,  by  Regions,  1960  (Million  Barrels) 
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FIGURE  2.  -  Flow  Pattern  for  Crude  Petroleum,  by  Regions,  1965  (Million  Barrels). 


2.0  3-6} 

A L 


ALASKA 
Supply 
Consumption 
Net  shipments 


HAWAII 
Supply 
Consumption 
Net  shipments 

1.3 
14.1 
12.9 

Adjusted  to  include   unaccounted  for 


FIGURE  3. -Theoretical  Flow  Pattern  for  Petroleum  Products,  by  Regions,  1960 (Million  Barrels). 
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FIGURE  4. -Theoretical  Flow  Pattern  for  Petroleum  Products,  by  Regions,  1965  (Mi  I  lion  Barrels). 
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United  States  tot 
Region  I : 

Subregion  la: 

Maine 

New  Hampshire 

Vermont 

Massachusetts 

Rhode  Island. 

Connecticut. . 

New  York 

New  Jersey. . . 

Pennsylvania. 

Delaware 

Maryland 

District  of 
Columbia. . . . 

Virginia 

West  Virginia 

North  Ca 

South  Ca 

Georgia. 

Florida. 

Kentucky 


Alabama. 
Mississi 

Ohio 

Subtot 

Subregion 

Indiana. 


'7.0 


Illinois... 

Michigan. . . 

Wisconsin. . 

Subtotal 

Subtota 

Region  II: 

Subregion  Ila 
Minnesota.. 

Iowa 

Missouri. . . 
North  Dakota.- 
South  Dakota 

Nebraska 

Subtotal  I 

Subregion  lib: 

Arkansas. .  .  . 

Louisiana.  . . 

Oklahoma. . . . 

Texas 

New  Mexico. . 
Kan 

Subtotal 
Subtot 
Region  III: 
Subregion  II 


Idaho. . . . 
Wyoming.. 

Utah 

Colorado. 

Washingto 


Ors 


Subtotal 
Subregion  Illb 


Nevada 
Califc 


III, 


Subti 
Subregioi 

Alaska 

Hawai  i 

Subtotal  I 
Subtotal 

Foreign 

Unaccounted  for. 


Trillion 
Bt 


+  .3 


+4.9 
+5.0 
+  .5 
+9.3 
+9.8 
+1.2 


+3.5 
+1.9 
+2.9 
+2.5 
+2.3 
+1.6 
+1.1 
+1.6 


+2.0 
+8.1 
-.5 


Neg. 
Neg. 
-63.7 


ifers  in  of 

:ural  g< 
.iquids 


45.0 
771.0 
183.0 


999.0 


1,277.0 
34,347.0 
18,564.0 
18,715.0 
16,229.0 

9,507.0 


1,262.0 
3,175.0 
1,924.0 


6,361.0 


6,36'l.O 


T4=6 


Thousand 
barrels 


+381,950.0 


+31,238 
+16,751 
+10,180.0 

+157,029. 
+19,656.0 
+66,795.0 

+334,276. 
+9,006.0 
+14,22 
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+72,407 
+21,139 
+82,969.0 
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+39,454.0 
+18,866 
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+188,309.0 


+1,465.0 
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-73,475.0 


11.0 


+14,172.0 
-23,576.0 
-11,483.0 
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+13,558.0 
+37,816.0 


+37,066.0 


+22,951.0 
+10,336.0 
-61,274.0 


+18,825.0 
+27,904.0 


+56.6 
+912. 
+113.0 
+380. 
1,923. 

+76.2 
+110.5 
-120.0 
+362. 

+90. 
+407. 
+108. 
+451. 
+194. 
+348. 
+784. 

+30. 
+207. 
+207. 

+95. 


-238 
-166.9 
+436 . 9 
+346 ■ 2 


+213.1 
+270.5 
+277.9 
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+129.5 


+985.5 
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-389.9 
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for  liquefied  Base,  by  malor  consumer  sector,  by  State,  and  Realo 


Demand   bv  malor   consumer   sector1 

Refinery  output  and 

Stock  ch 

m.> 

Net  shipments" 

refineries 

Total    supply 
available   for 

""commercial" 

Industrlal 

Transportation 

Hl:Tzr 

Total    domestic 

State  and  Region 

Thousand 

Trillion 
Btu 

Thousand 

Tril- 

Thousand 

Btu 

Thousand 

Tril- 

barrel. 

Btu 

" 

Tril- 
Btu 

2=? 

Irll 

lion 

barrel?" 

Trll- 

Btu 

1  1 1  -  -  l  ,  ■ ; . ,  1 , . 

!.'„'," 

Lion 

Btu 

United  States   total. 

276,627.0 

1.117.2 

-4,822.0 

-2,504.0 

-9.6 

-45.375.0 

225,926.0 

Ml., 

100.584.0 

403JSJ 

102.576.0 

411.5 

21,379.0 

Subreglon  la: 

459.0 
4,323.0 
3,154.0 
1,640.0 

560.0 
7,885.0 

5,701.0 

27.0 

715.0 

2.753.0 

6.5 
2.2 

22.9 

+59.0 
+17.0 

-23.0 
+65.0 

Neg. 

+.1 
-1.2 
+.2 
+  .1 

Beg. 
+  ^3 

+902.0 

+207.0 

+1,044.0 

+2,606.0 

-236.0 

-384.0 

-1,378.0 

Neg. 
+569.0 
+499.0 
+2,342.0 
+1,357.0 
+3,625.0 
+4,935.0 

+1^328.0 
+98.0 

+1.7 
+2.1 

+10.5 
-.9 
-1.5 

-5.6 

Neg. 
+2.4 
+2.0 

+5.4 

+19.6 

+5.4 

-178.0 
-459.0 

1.7 

14.5 
9.5 

Beg. 
33.8 

19.6 
11.2 

1.6 

1.2 

3.5 

3.0 

3.5 
5.3 

2.9 

Neg. 
3.5 

7.6 
16.2 

8.3 

.9 

2.0 
10.9 
3.9 

Neg. 

■  1 
2.3 

2.3 

Neg. 

Neg. 
Neg. 

Ne6. 
Beg. 

Beg. 

Neg. 

1.0 

3.0 
2.0 
1.0 

15.0 

31.0 
87.0 

10.0 

Keg. 

.3 
Neg. 
Neg. 
Neg. 

Beg. 
Neg. 

.3 

Neg. 
Neg. 

.2 

Nev  Hampshire... 

Rhode   Island 

New  York 

Maryland 

District  of 

Columbia 

Virginia 

West  Virginia... 
North   Carolina.. 
South  Carolina.. 

532 
403 

'207 
1,044 
3,083 
3,616 
2,370 
279 
1,008 

Neg. 
1,127 

2^342 
1,357 
3,625 

3^467 
1,328 

2.810 

0 
0 

484 
304 

175 

735 

2,506 

867 

'207 
726 

Neg. 
863 

1,901 
1,089 

4',069 

1,015 

2^059 

0 
0 

98 
218 

236 

2,721 

960 

243 

Neg. 

8,131 
254 
179 
571 

1,676 
214 

584 

0 

0 

6 

79 
85 
38 

Neg. 

31 

23 
58 

357 

95 

0 

1,139 
207 
1,044 
3,083 
3,616 
2,370 
279 
1,008 

Neg. 
1,127 
8,405 

1J357 
3,625 

3,467 
1,328 

3,937 

2,810 

0° 

1.6 

.8 
4.2 
12.4 
14.5 
9.5 

Neg. 

33.8 
5.4 

5.4 
15.9 

Kentucky 

Mississippi 

Ohio 

27,453.0 

109.8 

-494.0 

-1.9 

+24,570.0 

-1,402.0 

-5.5 

50,127 

29,556 

118.5 

17.561 

70.5 

2,531 

9.9 

479. C 

1.9 

50,127 

200.8 

Subreglon  lb: 

745.0 
12,093.0 
1,314.0 

5.3 

-258.0 
-55.0 
-98.0 

Neg. 

+5,928.0 
+3,736.0 
+1,870.0 
+4.366.0 

+23.8 
+15.0 

+17.5 

-2,003.0 

-4.3 

5,603 

13,568 
3,129 
4,268 

„ 

22.5 

12.6 

3,987 
6,108 
2,282 
3.147 

I 

24.5 
9.2 

12.6 

6^033 

744 

I 

3.0 

1,379 
92 
101 

\ 

5.5 

22.0 
13.0 

.2 
Neg. 

5,603 
4,268 

; 

22.5 
12.6 

Illinois 

Michigan 

Subtotal    lb... 

14   152.0 

56.7 

-405.0 

+15.900.0 

+63.8 

-3,079.0 

-12.3 

26,568 

9.172 

36.8 

1,778 

94.0 

!i    .    16 

-17.8 

70 ,6"95 

26.733 

:,    .;(.'■ 

S73.« 

n 

Region  11: 
Subreglon  Ha: 

2,130.0 
1.078.0 

8.5 
4.3 

-19.0 
-98.0 

-96.0 

3 

+4,702.0 
+4,306.0 
+6,425.0 
-398.0 
+1,370.0 
+1.673.0 

+  18.9 
+17.3 
+25.9 
-1.6 
+5.5 
+6.7 

-85.0 

-218.0 
-399.0 

-.3 

4,598 
4,208 
6,108 
1,237 
1,370 

18.5 
16.9 

5.5 

3,657 

3,896 

5,513 

926 

2!  106 

I 

3.7 
5.0 

787 

394 
184 
15 

52 

I 

3.2 
.2 

119 
99 
188 

94 
449 

0 

.5 

.5 
1.8 

35.0 
13.0 

45.0 

.3 
Neg. 

4,598 
4,208 
6,108 
1,237 
1,370 
2,652 

18.5 
16.9 
24.6 

10.6 

North  Dakota 

South  Dakota. . . . 
Nebraska 

Subtotal   I  la. . 

3.208.0 

12.8 

-1.7 

+18.078.0 

+72.7 

-702.0 

-2.8 

i ; .  .;>': 

69.5 

1,581 

162.0 

-<   .  1     J 

81.0 

Subreglon  lib: 

Arkansas 

Louisiana 

Oklahoma 

2,072.0 
30,772.0 
22,406.0 

8.3 
123.5 

522.7 

+2.0 

-691.0 

+106.0 

-2,499.0 

Beg. 
-2.8 

+.2 

+2,868.0 
-9,081.0 

-32^574.0 
-12,748.0 

+11.6 
-36.4 

-130.6 

-120.0 
-6,451.0 
-3,976.0 

-.5 
-25.9 
-15.9 
-81.5 

-.9 

4,822 

7^331 
74,889 
2,484 

° 

58.4 
29.5 
300.6 
10.0 

4*633 
11,862 
1,695 

I 

47.6 

125 
11,737 

53,962 
181 

° 

.5 

47.1 
5.5 

216.4 

1,348 
860 

8^839 
543 

I 

3.5 

35^ 
2.2 

18.0 
109.0 

71.0 
226.0 

.3 
.9 
.3 

4,822 
7^331 
2,484 

58.4 
29.5 

300.6 
10.0 

Subtotal  lib.. 

205,6'il.Q 

825.1 

-_[}_._:,_ 

_'      .^88.0 

-241.5 

,ji_    __' 

jo  _  t 

" 

4  39J 

27,419 

± 

67,655 

Region  III: 

Subreglon  Ilia: 

2,522.0 

3,144.0 

591.0 

2,754.0 

10.1 

12.6 
2.4 

+6.0 
+2.0 

Neg. 
Neg. 
Neg. 

+455.0 
-1,521.0 

+238.0 
+556.0 

+2.5 
+2.2 

-710.0 

-2.9 

455 
1,083 

4.3 

369 
660 

• 

117 
53 
99 
122 
545 

i 

.2 

.5 

.5 

31.0 

153.0 

407.0 
26.0 

1.2 

.2 

20.0 

Neg. 

2,993 

556 

1.185 

0 

Wyoming 

4.3 

Colorado 

Washington 

12.0 
2.2 

Subtotal   Ilia. 

9.011.0 

+5.0 

Beg. 

+155.0 

-1.571.0 

1,100 

4.3 

23.0 

7,600 

30.4 

Subreglon  1 1 lb: 

19.142.0 

76.7 

-.7 

+773.0 
-2,574.0 

+2.9 
-10.3 

-5.967.0 

-23.9 

10,431 

4.444 

I 

17.8 

104 

429 

4,934 

I 

19.8 

151.0 

3.7 

2.0 

Neg. 

724 

773 

10,431 

I 

California 

41.8 

19.142.0 

76.7 

-.7 

-1.077.0 

-5,967.0 

-23.9 

11.928 

5,234 

21.0 

5.467 

21.9 

1,104.0 

123.0 

11,928 

48 
112 

I 

Subreglon  IIIc: 

+.2 

112 

« 

.2 

67 

° 

.3 

0 

.1 

1.0 

Beg. 

.2 

Subtotal  IIIc. 

109 

.5 

■ 

158 

Subtotal   III 

28,153.0 

112.8 

-165.0 

-.7 

-764.0 

-3.0 

-7.538.0 

-30.3 

u 

78.6 

10.731 

TJTT 

6.607 

26T.-4 

2,201.0 

8.7 

147.0 

.6 

19.686 

indicated  by  minus  signs. 


"T^cLT" 

""„rcitiiK°er 

"counted   for" 

" 

"-'" 

" 

«" 

ba„e,s 

BtU 

barrel. 

tar"""" 

Trillion 

2™;:" 

' 

":',",':"i""' 

TriUion 

2rrli°d 

TrUUon 

Btu 

iEiHF 

Hi 

1! 

lis 

;1 

"'sw'o 

1: 

'*il 

4:1 

!:!! 

ll 

Hi 

jj 

3,475.0 

i-l 

31,377.0 

36:286:( 
44;755:( 

,.11 

!!!!:;:::: 

£;™:S 

IK:? 

2?:™:u 

■5:1 

'«:83e:S 

Sis 

si 

i.i 

ijsol:" 

«:5 

l";03to 

«,:7 

"i™:! 

?:i 

Sal 

€1 

Region  II: 

II 

Si; 

36:, 

li-ili-i 

Is 

ti 

iiSI 

!:! 

S&S 

ll 

S" 

£! 

3:5S:S 

JSI 

KebrLklk°"' ' ' ' 

i.;™:? 

&: 

|jjr 

'oi 

"II 

"1 

11; 

si: 

■\ 

SI 

|s 

50l't 

Si! 

I! 

m'mI'c 

l™:? 

517.1 

IE 

S:l 

?s 

js! 

i 

37^735.1 

1 

ll 

7\ 

ill 

1 

Ill 

170:7 

l!Si 

63'! 

33:64962:° 

1?:! 

Su&™;;;::::: 

j-jl5:S 

«:■ 

27.540'S 

155.2 

,3E 

«:3 

16,500:2 

103'  7 

JS:I 

ii 

339^49.0 

;|i 

4,417.0 

236.4 

22,952.0 

2  102:9 

££::::::::: 

2,"o:2 

":l 

■J":? 

7:9 

ll!503.0 

5:2 

4,880:„ 

ml 

i,'":. 

9!  6 

Vl'Xll'.l 

1^:? 

l:ll\:l 

S:S 

ass* 

i467:6S 

Uo.ccoJS'for!."1 

56,5,8.0 

307. 9 

45,545.0 

^262^ 

««.»»•» 

2,475.2 

23,320.0 

.46.2 

19,«,1. 0 

11-4.2- 

601,239.0 

3,306.1 

'■•:;;■;; 

I'lol-S 

3'356'l 

by  States  and  Regie 


State  and  Region 


United  States  total. 
Region  I: 

Subregion  la: 

Maine 

New  Hampshire.  .  . 

Vermont 

Massachusetts.  .  . 

Rhode  Island. . . . 

Connecticut 

New  York 

New  Jersey 

Pennsylvania.... 

Delaware 

District  of 

Columbia 

Virginia 

West  Virginia. . . 
North  Carolina. . 
South  Carolina. . 

Florida 

Kentucky 

Tennessee 

Alabama 

Mississippi 

Ohio 

Subtotal  la. . . 
Subregion  lb: 

Indiana 

Illinois 

Michigan 

Wisconsin 

Subtotal  lb. .. 
Subtotal  I.. 
Region  II: 

Subregion  Ha  : 

Iowa 

Missouri 

North  Dakota 

South  Dakota 

Nebraska 

Subtotal  Ha.  . 
Subregion  lib: 

Oklahoma 

Texas 

New  Mexico 

Kansas 

Subtotal  lib.. 
Subtotal  II. 
Region  III: 

Subregion  Ilia: 

Montana 

Idaho 

Wyoming 

Utah 

Colorado 

Oregon 

Subtotal  Ilia. 
Subregion  Illb: 
Arizona 

California 

Subtotal  Illb. 
Subregion  Illc: 

Alaska 

Hawaii 

Subtotal  IIIc. 
Subto 
Neg.--Negligib 
■'Household  and 
to  this  com 
"^Withdrawals  f 
i   signs. 


,203.0 
,000.0 
533.0 
269.0 

.733.0 
,896.0 

,773.0 
668 
385.0 


,129.0 

54.0 
,344.0 
,736.0 
,460.0 
,368.0 


,599.0 
644.0 
,683.0 


6.3 
5.2 
2.8 


.3 
43.7 
56.4 
144.0 


H50.0 
+2.0 
+27.0 


+23.0 
+7.0 
+36.0 
+  19.0 
+31.0 
+30.0 
-21. 
+27.0 


-63.0  . 

-10.0 
+437.0 
+  167.0 
+278.0 
+  18.0 
-15.0 


+25. 
+3.0 
+2.0 

+35.0 
+3.0 

+43.0 

+27. 
+138.0 

+12.0 

+432.0 


+3,162.0 

+1,456.0 

+208.0 

+557.0 

+2,338.0 

+2,953.0 

-799.0 


,641.0 
1,932.0 
-13.0 
-219.0 
-232.0 
+168.0 


L, 043.0 
-292.0 
+489.0 
+966.0 


+453.0 

+996.0 

+1,337.0 

+3,205.0 

+20.0 
-1,248.0 
-4,126.0 
12,580.0 
+742.0 
+1,723.0 
15.469.0 


12, 26^ 


1,892.0 
+514.0 
-579.0 

.,263.0 
-272.0 


+2.4 
+5.2 
+7.0 


237.0 

559.0 

',344.0 


1,007.0 
.,165.0 
1,672.0 
5,051. 

1, 169.0 


7,533.0 

6,777.0 
15,158.0 
2,128.0 
5,994.0 

37,654.0  ' 

-■  "  ~\  :■     ; 


601.0 

517. 
34.0 

371.0 

375.0 

3,690.0 


2,816. 
17,953.0 


39.5 

35.6 
79.5 


237.0 
559.0 
,344.0 
,014.0 
81.0 


.,161.0 

44.0 

,007.0 

,165.0 

,672.0 
5,051.0 
,169.0 
808.0 
364.0 
464.0 
!, 884.0 


756.0 
452.0 
874.0 


283.0 

131.0 

1,668.0 

854.0 

998.0 

1,337.0 

5.271.0 


601.0 

517.0 
34.0 

371.0 

375.0 
3,690.0 

118.0 
5,706.0 

2,816.0 

17,953.0 


39.5 
35.6 
79.5 


3,170.0 
1,460.0 

237.0 

559.0 

2,344.0 


1,161.0 
44.0 

1,007.0 

1,165.0 

1,672.0 

5,051 

1,169.0 
808. 
364.0 
464.0 

2,884.0 
29,892.0 


854. 

998.0 
1,337.0 
5,271.0 

64.0 
7,533.0 
6,777.0 

15,158.0 
2,128.0 
5,994.0 

37,65 

42,925.0 


2,816.0 
17,953. 


TABLE  7.  -  Supply  and 


consumer  sector,  by  States  and  Regions 


State  and  Reglo 


Stock  change' 


Total  supply 
available  fo 
consumption 


Demand  by  major  consume 


Total  domestic 


United  States  total. 
Region  I: 

Subregion  la: 

Maine 

New  Hampshire. . . 

Vermont 

Massachusetts 

Rhode  Island. . . . 

Connecticut 

New  York 

New  Jersey 

Pennsylvania. . . . 

Delaware 

Maryland 

District  of 
Columbia 

Virginia 

West  Virginia... 

North  Carolina. . 

South  Carolina. . 

Georgia 

Florida 

Kentucky 

Alabama 

Mississippi 

Ohio 

Subtotal  la. . . 
Subregion  lb: 

Indiana 

Illinois 

Michigan 

Wisconsin 

Subtotal  lb. . . 
Subtotal  I.. 
Region  II: 

Subregion  Ila: 


1.496.600.0 


7.854.2 


12,259.0 
66,508.0 
90,626.0 
20,328.0 
244.0 


15,130.0 

1,730.0 

92.0 

4,405.0 

74.135.0 


-57.0 
-3.0 
-15.0 
-14.0 
-22.0 
-85.0 
-212.0 
+61.0 


-45.0 
-15.0 
-66.0 
-37.0 
■106.0 
-51.0 
-13.0 
-58.0 
-4.0 
-93.0 


298.442.0 


+8,218.0 
+4,996.0 
+3,245.0 
+29,569.0 
+5,938.0 
+18,837.0 
+90,678.0 
-17,636.0 
-11,895.0 
-15,269.0 
+21,966.0 

+4,833.0 
+25,121.0 
+11,399.0 
+35,479.0 
+17,582.0 
+31,860.0 
+45,571.0 

+6,773.0 
+27,424.0 
+24,202.0 
+11,612.0 

+4.121.0 


+476. 
-92. 
-62. 


8,203.0 
4,989.0 
3,238. 

34,815.0 
5,935.0 

18,822.0 
102,923.0 

48,850.0 

78,646.0 
4,847.0 

22,271.0 

4,833.0 
31,799.0 
12,201.0 
35,413.0 
17,687.0 
31,754.0 
45,520.0 
21,890.0 
29,096.0 
24,290.0 
15,924.0 
77.758.0 


116.9 

25.4 
166.9 

64.0 
185.8 

92.8 
166.6 
238.9 
114.9 
152.7 
127.5 

83.6 
408.2 


8,203.0 
4,989.0 
3,238.0 

34,815. 
5,935.0 

18,822.0 
102,923.0 

48,850.0 

78,646.0 
4,847.0 

22,271.0 

4,833.0 
31,799.0 
12,201.0 
35,413.0 
17,687.0 
31,754.0 
45,520.0 
21,890.0 
29,096.0 
24,290.0 
15,924.0 
77.758.0 


43.0 
26.2 
17.0 
182.7 
31.1 
98.8 
540.2 
256.4 
412.7 
25.4 
116.9 


64.0 
185.8 

92.8 
166.6 
238.9 
114.9 
152.7 
127.5 


408.2 


8,203.0 
4,989.0 
3,238.0 


34, 


L5.C 


5,935.0 
18,822.0 
102,923. 
48,850.0 
78,646.0 
4,847.0 
22,271.0 

4.833.C 
31,799.0 
12,201.0 
35,413.0 
17,687.0 
31,754.0 
45,520.0 
21,890.0 
29,096.0 
24,290.0 
15,924.0 
77,758.0 


182.7 
31.1 
98.8 


64.0 
185.8 

92.8 
166.6 
238.9 
114.9 
152.7 
127.5 

408.2 


1,362-C 


+384.624. 


,704.0 


3.577.7 


1.704.0 


70,825.0 

114,638.0 

21,240.0 

L  123.0 


+339. 

+2,155. 

+390. 

-32. 


207.826.0 


-27,604.0 
-43,149.0 
+44,152.0 
+31.623.0 


-144.9 
-226.4 
+231.7 

+166.0 


43,560.0 
73,644.0 
65,782.0 
32,714.0 


+5,022.0 


+26.4 


506,268. 


+389.646. 


+2.044.9 


215.7O0.61 


228.6 
386.5 
345.2 
171.7 


43,560. 
73,644. 
65,782. 
32.714. 


228.6 
386.5 
345.2 


43,560.0 
73,644.0 
65,782.0 
32.714.0 


386.5 
345.2 

171.7 


215,700.0 


897.404.( 


897,404.0" 


Missc 


North  Dakota 

South  Dakota 

Nebraska 

Subtotal  Ila.. 
Subregion  lib: 

Arkansas 

Louisiana 

Oklahoma 

Texas 

New  Mexico 

Kansas 

Subtotal  lib.. 
Subtotal  II. 
Region  III: 

Subregion  Ilia: 

Montana 

Idaho 

Wyoming 

Utah 

Colorado 

Washington 

Oregon 

Subtotal  Ilia. 
Subregion  Illb: 

Arizona 

Nevada 

California 

Subtotal  Illb. 
Subregion  IIIc: 

Alaska 

Hawaii 

Subtotal  IIIc. 
Subtotal  III 


+22,246.0 
+28,854.0 
+29,783.0 
-1,384.0 
+8,487.0 
+14.448.0 


+116.8 
+151.4 
+156.4 
-7.3 
+44.5 
+75.8 


41.7 
44.5 
78.6 


32,940. 
28,858. 
41,894. 

7,947. 

8,480. 
14,980. 


172.9 
151.4 
219.9 

41.7 
44.5 
78.6 


32,940. 

28,858.0 

41,894.0 
7,947.0 
8,480.0 

14.980.0 


172.9 
151.4 
219.9 


32,219.0 


+102,434.0 


+537.6 


135.099.0 


709.0 


709.0 


12,635.0 
137,222.0 

72,634.0 

437,812.0 

4,536.0 

61,669.0 


+1,832.0 
112,028.0 
-45,069.0 
326,208.0 

+5,098.0 
-36.405.0 


+9.6 
-587.9 
-236.5 
1,711.9 
+26.8 
-191.1 


14,481.0 
22,956.0 
27,044.0 
108,017.0 
9,643.0 
25,818.0 


566.9 
50.6 
135.5 


14,481. 
22,956. 
27,044. 
108,017. 
9,643. 
25.818. 


22,956. 
27,044. 
108,017. 
9,643. 
25.818. 


76.0 
120.5 
141.9 
566.9 

50.6 
135.5 


726.508.0 


758.727.0 


5.323.0 


=2779 


■512,780.0 


•410.3*6.0 


207,959.0 


343.058.0 


343.058. 


10,539.0 

17,356.0 
15,541.0 
6,205.0 
17,595.0 


+25.0 
-6.0 

-165.0 
-39.0 
+80.0 
-67.0 

-140.0 


-3,046.0 
+6,771.0 
-12,783.0 
-6,976.0 
+10,932.0 
+10,965.0 
+16,532.0 


8,526.0 
17,217.0 
28,493.0 
16.392.0 


7,518.0 
6,765.0 
4,408.0 
8,526.0 
17,217.0 
28,493.0 
16,392.0 


39.5 
35.5 
23.1 
44.7 
90.4 
149.5 


39.5 
35.5 
23.1 


8,526. 
17,217. 
28,493. 
16,392. 


67,23 


-312.0 


+22.395.0 


89,319.0 


468.7 


+12,576.0 
+3,823.0 
-33,459.0 


12,509.0 

3,796.0 

143,358.0 


12,509.0 

3,796.0 

143.358.0 


65.6 
19.9 
752.4 


12,509.0 

3,796.0 

143.358.0 


65.6 

19.9 
752.4 


245.139.0  1.286 


-27.0 
.7  -1.519.0 


+7.183. 


+37.6 


+12,518.0 


tut?; 


256.138.0 


256;i38.0|l,3lgtT 


Neg.- -Negligible. 
Household  and  commercial;  industrial; 

this  commodity. 
Withdrawals i from  stocks  add  to  supply 
signs. 
_  Includes  net  foreign  trade:   -3,678.0 


electricity  generation,  utilities;  and 
and  are  indicated  by  plus  signs;  additi 
thousand  barrels;  -19.3  trillion  Btu. 


ly  and  are  indie 


Supply  and  demand  for 


by  major  consumer  sector,  by  State 


Su 

."Demand  by  maior  consumer  sector1 

Refinery  output 

Total  supply 
available  for 

Household  and 
commercial 

Industrial 

Transportation 

Total  domestic 

Stock  c 

.ange^ 

Net  ship 

t.ents3 

Thousand 
barrels 

Tril- 
lion 
Btu 

Thousand 
barrels 

Tril- 
lion 
Btu 

State  and  Region 

Thousand 
barrels 

Tril- 
lion 
Btu 

Thousand 
barrels 

Tril- 
lion 

Thousand 
barrels 

Tril- 
Btu 

Thousand 
barrels 

Tril- 
lion 
Btu 

Thousand 
barrels 

Thousand 
barrels 

Tril- 
Btu 

Btu 

United  States  total. 

135.772.0 

779.2 

-4.550.0 

-25.5 

+1,232.0 

+8.4 

132,454.0 

762.1 

79,012.0 

447.9 

20,142.0 

114.0 

33,300.0 

200.2 

132,454.0 

762.1 

Region  I: 

Subregion  la: 

679.0 

1,109.0 
5,783.0 
5,228.0 
1,314.0 

68.0 

1,679.0 
93.0 

30.0 
5,225.0 

4.2 

8.7 
33.0 
30.0 

7.3 

.3 

9.4 
.6 

.2 
29.8 

+3.0 
+2.0 
+3.0 
-33.0 

+3.0 
-20.0 
-354.0 
-1,043.0 
-75.0 
-10.0 

+5.0 
-3.0 
+13.0 
+7.0 
+10.0 
+10.0 
+31.0 
+9.0 
+7.0 
+9.0 
-233.0 

Neg. 
Neg. 
Neg. 
-.2 

Neg. 
-.1 
-2.0 
-5.9 
-.4 
-.1 

Neg. 

Neg. 
+.1 

Neg. 
+  .1 
+  .1 
+.2 

Neg. 

-1.3 

+2,289.0 
+839.0 
+815.0 

+5,784.0 
+884.0 

+2,690.0 
+11,009.0 

-2,515.0 
+39.0 
-273.0 

+2,987.0 

+161.0 
+5,843.0 

+227.0 
+12,158.0 
+4,527.0 
+1,698.0 
+6,285.0 
-34.0 
+2,681.0 
+1,098.0 

+358.0 

-551.0 

+13.0 
+4.8 
+4.7 
+32.8 
+5.0 
+15.5 
+62.4 
-14.3 
+.2 
-1.5 
+17.1 

+1.0 
+33.3 

+1.3 
+68.8 
+25.7 
+9.7 
+36.4 
-.2 
+15.2 
+6.2 
+2.0 
-3.1 

2,292.0 
841.0 
818.0 

6,430.0 
884.0 

2,693.0 
12,098.0 

2,914.0 

4,224.0 
966.0 

2,977.0 

161.0 
5,848.0 

292.0 
12,171.0 
4,534.0 
1,708.0 
6,295.0 
1,676.0 
2,783.0 
1,105.0 

397.0 
4,441.0 

13.0 

4.7 
36.8 

5.0 
15.5 
71.0 
16.7 
24.3 

5.4 
17.0 

1.0 
33.3 

1.6 
68.9 
25.7 

9.8 
36.5 

9.4 
15.9 

6.2 

2.3 
25.4 

2,218.0 

831.0 

803.0 

5,409.0 

869.0 

1,624.0 

4,833.0 

2,109.0 

3,134.0 

922.0 

2,327.0 

134.0 
4,844.0 

163.0 
10,825.0 
3,718.0 
1,001.0 
3,360.0 
1,207.0 
1,287.0 

595.0 

68.0 

2,768.0 

12.6 
4.7 
4.6 
30.7 
4.9 
9.2 
27.4 
12.0 
17.8 
5.2 
13.2 

.8 
27.4 
.9 
61.3 
21.1 
5.7 
19.1 
6.8 
7.3 
3.4 

15.7 

72.0 
10.0 

298.0 

15.0 
286.0 
459.0 
354.0 
367.0 

42.0 
113.0 

27.0 
185.0 
112.0 

1,243.0 
762.0 
550.0 
595.0 
375.0 

1,332.0 
449.0 
329.0 

1,180.0 

.4 
.1 
.1 
1.7 

1.6 
2.6 
2.0 
2.1 
.2 
.6 

.2 

.6 
7.0 
4.3 
3.1 
3.4 
2.1 
7.6 
2.5 
1.9 
6.7 

2.0 

1.0 
723.0 

783.0 

'451.0 

723.0 

2.0 

537.0 

819.0 

17.0 
103.0 

54.0 

157.0 

2,340.0 

94.0 
164.0 

61.0 
- 
493.0 

Neg. 
Neg. 

41.0 
2.7 

Neg. 
3.2 

4.9 
.1 
.6 
.3 

1.0 

14.0 

.5 

1.0 
.3 

3.0 

2,292.0 
841.0 
818.0 

6,430.0 
884.0 

2,693.0 
12,098.0 

2,914.0 

4,224.0 
966.0 

2,977.0 

161.0 
5,848.0 

292.0 
12,171.0 
4,534.0 
1,708.0 
6,295.0 
1,676.0 
2,783.0 
1,105.0 

397.0 
4,441.0 

13.0 
4.8 
4.7 
36.8 
5.0 
15.5 
71.0 
16.7 
24.3 
5.4 
17.0 

1.0 
33.3 

1.6 
68.9 
25.7 

9.8 
36.5 

9.4 
15.9 

6.2 

2.3 
25.4 

New  Hampshire. . . 

Rhode  Island 

Connecticut 

New  York 

New  Jersey 

Pennsylvania 

Delaware 

Maryland 

District  of 

Columbia 

Virginia 

West  Virginia. . . 
North  Carolina.. 
South  Carolina. . 
Georgia 

Tennessee 

Mississippi 

Ohio 

Subtotal  la... 

21,208.0 

123.5 

-1,659.0 

-9.3 

+58,999.0 

+336.0 

78,548.0 

450.2 

55,049.0 

312.2 

9,169.0 

51.9 

14,330.0 

86.1 

78,548.0 

450.2 

Subregion  lb: 

Indiana 

Illinois 

Michigan 

Wisconsin 

7,043.0 

12,442.0 

2,568.0 

42.0 

41.0 

71.0 

14.8 

.2 

-173.0 
-431.0 
+141.0 
+16.0 

-1.0 
-2.4 
+.8 
+.1 

-469.0 
-5,329.0 
+2,086,0 
+2,993.0 

-2.7 
-30.2 
+11.8 
+17.0 

6,401.0 
6,682.0 
4,795.0 
3,051.0 

37.3 
38.4 
27.4 
17.3 

3,785.0 
3,563.0 
2,790.0 
2,168.0 

21.5 
20.2 
15.8 
12.3 

107.0 
1,796.0 
1,274.0 

790.0 

.6 
10.2 
7.2 
4.5 

2,509.0 

1,323.0 

'  731.0 

93.0 

15.2 
8.0 

.5 

6,401.0 
6,682.0 
4,795.0 
3.051.0 

37.3 
38.4 
27.4 
17.3 

Subtotal  lb... 

22,095.0 

127.0 

-447.0 

-2.5 

-719.0 

-4.1 

20,929.0 

120.4 

12.306.0 

69.8 

3.967.0 

22.5 

4,656.0 

28.1 

20,929.0 

120.4 

Subtotal  I.. 

43.303.0 

250.5 

-2,106.0 

-11.8 

+58,280.0 

+331.9 

99,477.0 

570.6 

67,355.0 

382.0 

13,136.0 

74.4 

18,986.0 

114.2 

99,477.6 

576.6 

Region  II: 

Subregion  Ha: 
Minnesota 

409.0 

1,376.0 
1,507.0 

8.0 

2.5 

8.0 
8.6 

Neg. 

+23.0 
+17.0 
+9.0 
-46.0 
-3.0 
+9.0 

+.  1 

+  .1 
-.3 
Neg. 
+.  1 

+2,366.0 

+2,565.0 

+1,570.0 

-559.0 

+976.0 

+680.0 

+13.4 
+14.6 
+8.9 
-3.2 
+5.5 
+3.8 

2,798.0 

2,582.0 

2,955.0 

902.0 

973.0 

697.0 

16.0 
14.7 
17.0 
5.1 
5.5 
3.9 

2,320.0 

2,390.0 

1,802.0 

858.0 

901.0 

479.0 

13.2 
13.6 
10.2 
4.9 
5.1 
2.7 

245.0 
192.0 
281.0 
44.0 
72.0 
197.0 

1.4 
1.1 

.2 

1.1 

233.0 
872.0 

21.0 

1.4 
5.2 

2,798.0 

2,582.0 

2,955.0 

902.0 

973.0 

697.0 

16.0 
14.7 
17.0 
5.1 
5.5 
3.9 

Missouri 

North  Dakota 

South  Dakota 

Nebraska 

Subtotal  Ha. . 

3,300.0 

19.1 

+9.0 

+  .1 

+7,598.0 

+43.0 

10,907.0 

62.2 

8,750.0 

49.7 

1,031.0 

5.8 

1.126.0 

6.7 

10,907.0 

62.2 

Subregion  lib: 

Arkansas 

Louisiana 

Oklahoma 

1,955.0 
22,265.0 

1,325.0 

47,847.0 

120.0 

2,446.0 

11.1 

126.4 

7.5 

272.0 

13.8 

-141.0 
-681.0 

+5.0 
-605.0 
+20.0 

-3.0 

-.8 
-3.9 
Neg. 
-3.4 

+.1 
Neg. 

-1,250.0 
-20,089.0 
-824.0 
-41,933.0 
+411.0 
-1,745.0 

-7.1 
-113.9 

-4.7 
-237.8 

+2.3 

-9.9 

564.0 
1,495.0 

506.0 
5,309.0 

551.0 

698.0 

3.2 
8.6 
2.8 
30.8 
3.1 
3.9 

209.0 
235.0 
199.0 
743.0 
235.0 
395.0 

1.2 
1.3 
1.1 
4.2 
1.3 
2.2 

355.0 
690.0 
231.0 
2,642.0 
249.0 
300.0 

2.0 
3.9 
1.3 
15.0 

1.7 

570.0 

76.0 

1,924.0 

67.0 

3.0 

3.4 
.4 

11.6 
.4 

Neg. 

564.0 
1,495.0 

506.0 
5,309.0 

551.0 

698.0 

3.2 
8.6 

30.8 
3.1 
3.9 

New  Mexico... 

Subtotal  lib.. 

J.5,,958.0 

431.5 

-1,405.0 

-8.0 

-65,430.0 

-371.1 

9,123.0 

52.4 

2,016.0 

11.3 

4,467.0 

25.3 

2,640.0 

15.8 

9,123.0 

52.4 

Subtotal  II. 

79.258.0 

450.6 

-1,396.0 

-7.9 

-57j832.0 

-328.1 

20, 030. C 

114.6 

10,766.0 

61.0 

5,498.0 

31.1 

3,766.0 

22.5 

20,030.0 

114.6 

Region  III: 

Subregion  Ilia: 

431.0 

360.0 
111.0 
267.0 
1,204.0 
Neg. 

2.5 

1.9 
.6 
1.7 
7.0 
Neg. 

+23.0 
-12.0 
-25.0 
-8.0 
-40.0 
-60.0 
-73.0 

-.1 

Neg. 
-.2 

-.3 

+42.0 
+153.0 
-237.0 
+7.0 
+751.0 
-287.0 
+302.0 

+.2 

-1.3 
Neg. 

+4.3 
-1.6 
+1.7 

496.0 
141.0 
98.0 
110.0 
978.0 
857.0 
229.0 

2.8 
.8 
.5 
.6 
5.8 
5.1 
1.3 

465.0 
102.0 
43.0 
16.0 
165.0 

1.0 

2.6 
.6 
.2 
.1 

Neg. 

11.0 
5.0 

48.0 

20.0 
111.0 
105.0 

44.0 

.1 
Neg. 
.3 
.1 
.6 
.6 
.2 

20.0 
34.0 
7.0 
74.0 
702.0 
752.0 
184.0 

.1 
.2 

4.3 
4.5 
1.1 

496.0 
141.0 
98.0 
110.0 
978.0 
857.0 
229.0 

2.8 

Wyoming 

Utah 

Colorado 

Washington 

Oregon 

.5 
.6 
5.8 
5.1 
1.3 

Subtotal  Ilia. 

2,373.0 

13.7 

-195.0 

-1.0 

+731.0 

+4.2 

2,909.0 

16.9 

792.0 

4.4 

344.0 

1.9 

1.773.0 

10.6 

2,909.0 

16.9 

Subregion  Illb: 

10,778.0 

63.7 

-37.0 
-17.0 
-728.0 

-.2 
-4.1 

+224.0 
+74.0 

+1.3 
-10.6 

187.0 

57.0 

8,189.0 

.3 
49.0 

76.0 

64.0 

3.0 

939.0 

Neg. 
5.3 

123.0 

54.0 

7,174.0 

.7 

.3 

43.3 

187.0 

57.0 

8,189.0 

j  j 

Nevada 

California 

.3 

49.0 

Subtotal  Illb. 

10,778.0 

63.7 

-782.0 

-4.4 

-1,563.0 

-8.9 

8,433.0 

50.4 

76.0 

.4 

1,006.0 

5.7 

7,351.0 

44.3 

8,433.0 

50.4 

Subregion  IIIc : 
Alaska 

60.0 

.7 

-17.0 
-54.0 

-.1 

+300.0 
+1,316.0 

+1.8 

283.0 
1,322.0 

1.7 
7.9 

23.0 

.1 

90.0 
68.0 

.5 

193.0 
1,231.0 

1.2 

283.0 
1,322.0 

1.7 
7.9 

Subtotal  IIIc 

60.0 

.7 

-71.0 

+1,616.0 

+9.3 

1,605.0 

9.6 

23.0 

.1 

158.0 

.9 

1,424.0 

8.6 

1,605.0 

9.6 

Subtotal  III 

13,211.0 

78.1 

-1,048.0 

-5.8 

+784.0 

+4.6 

12,947.0 

76.9 

891.0 

4.9 

1.508.0 

8.5 

LO. 548.0 

63.5 

12.  M  .0 

6.9 

Neg. --Negligible 
^Electricity  generati 
^Withdrawals  from  sto 
3lncludes  net  shipmen 


tilities;  and  miscellaneous  and  unaccounted  for 
id  to  supply  and  are  indicated  by  plus  signs;  a 
-601.0  thousand  barrels;  -3.4  trillion  Btu. 


indicated  by  minus  signs. 


Supply 

,.., 

Refinery  output 

Stock  change' 

Net   shipments' 

Total    supply 
available  for 

Household  and 

Industrial 

Trsnsporta 

Electricity 

"'.nd'unac-"* 

Total    domestic 

Thousand 

'IS 

barrels 

l£ 

barre.s 

Btu 

Thousane 

l£ 

barrels 

';:: 

Thousand 

';.;:: 

barrels 

III.  ■' 

I :.'.,', 

b^r 

Btu 

^885.  i 

/  J . : 

2,551.4 

4.742.0 

45,475.1 

45,642.0 
53,826.0 
11,775.0 

'554.0 

127.0 
213.0 

346.0 
1,145.0 
23.890.0 

22.4 
313.5 

24.6 

139.1 

+281.0 
-929.0 

+1,826.0 
+392.0 

+300.0 

+299.0 

-13.0 
-58.0 
+879.0 

+  .3 
+3.3 

11.3 
-.3 

8,939.0 

23^30.0 
45,542.0 
2,723.0 

5:203.0 

4:833.0 
5,268.0 
5,370.0 

135.3 
475.6 
265.3 

76.3 

14.3 
77.8 
30.3 
29.8 
52.3 
28.2 
30.7 
31.3 
13.8 
138.8 

5,822.0 
4,181.0 
2,567.0 
47,441.0 
6,933.0 
21,130.0 
67,937.0 
38,615.0 
32,966.0 
2,318.0 
9,726.0 

2,463.0 

'405.0 

S^IO.O 

12.065.0 

33.9 

276.2 
40.3 

395.5 
225.0 
192.2 

50.3 
52.1 

13.8 

2.5 
.3 

169.0 

3,549.0 
1,704.0 
4,361.0 

275^ 
596.0 
253.0 

588.0 

1,380.0 

385.0 

2.550.0 

.3 
5.3 

Neg. 
3.5 
3.6 

2.3 

13.4 

13.5 
23.4 

32.1 

2.0 
273.0 
34.0 

103.0 

576.0 

Neg. 
.5 

New  Hampshire... 

+2,893 
+46,903 

+8,235 
+23,137 
+75,192 

-2,126 

+12^935 
+4,561 

+3^620 
+5,037 
+1,277 

" 

+25 
+273 
+  134 

-12 

+75 
+26 

+21 
+29 

5 

2,315 
303 

2,545 
3,795 

7,754 

l 

35 
55 
209 

1,565 
588 
962 

554 
1,139 

J 

3 

5 

3 

3 

5 

t 

4,484 

8,093 
23,230 
81,677 
45,542 
45,668 

2,723 

2,914 

13,353 
5,203 
5,117 

8,971 
4,833 

5,370 

23^36 

j 

17 
297 

135 
475 
265 
266 

76 

30 
29 

30 
31 
13 

1 

Rhode   Island 

New  York 

District  of 
Columbia 

West  Virginia... 
North   Carolina.  . 
South   Carolina. . 

3 

3 

9 
3 

3 
3 

T:nne..e;::::::: 

* 

Ohio 

s 

,    1   .       .,,    „ 

942.3 

1.979.0 

Subregion   lb: 
Indiana 

40^234.0 
13,136.0 

212.6 
234.4 
76.5 

+464.0 

-11,367 

i! 

5 
3 

25,596.0 

:  1  :  7  1  1  . 1 1 

149.1 
126.5 

29,987.0 

174.5 

3,191.0 
1,733.0 

[il 

3,832 
8,549 

,'! 

22.3 

126.0 
237.0 

° 

5 

25,596 
42,490 

° 

247 

5 

530.5 

8,207.0 

16,356 

•J 5.  3 

853.0 

4  ,  '.  1 3 

3.- 

' 

1.472.8 

+1.398.5 

500.071.0 

2.912.7 

■  .■  1 

170.1 

78,074.0 

1:1,737 

Region  II: 

4,213.0 

30.5 

29.1 
24.5 

+37.0 

+65.0 
+32.0 
-48.0 
-20.0 

+.2 

+li:i41 
+7,768 

+3.993 

i 

+63 
+45 

+23 

9 
7 
1 

16,241.0 

3^75:0 
4.183.0 

17.3 
24.4 

10,792.0 

2,345.0 
2,095.0 
1.876.0 

63.0 

36.5 
13.8 
12.3 
10.9 

25.0 
36.0 

5.2 

3,111 

4J419 
587 
358 

1,393 

1 

Vs 

314.0 
283.0 
245.0 

113.0 

i.6 

1,124 

0 

2 

5 
5 

12^830 

3,775 
2,964 

:: 

£ 

6 

South  Dakota 

3 

14,652.0 

85.3 

+66.0 

+36.416 

+212.2 

51.134.0 

297.9 

11,557.0 

..-;..• 

5,347 

5 

Subreglon  lib: 
Oklahoma 

6,300.0 
53,497.0 
32,870.0 
185,901.0 

1,521.0 

36.7 
311.7 

1,082.8 

157.6 

+4,509.0 

+26.3 

-30^02 
-166,095 

° 

-251 
-175 
-967 

3 

2:631.0 
24,315.0 

4:751.0 

62.3 

15.3 

375.0 

1,925.0 

502.0 

670.0 

3.1 
3.9 

205.0 

'322.0 

158.0 

li 

912 
5,506 

13,187 

3^31 

I 

iS 

51.0 

.3 

835 

'334 
751 

I 

i 

3 

2,631 
24,315 
3,065 

° 

12 

3 
9 

1 

7,028.0 

■:■.■■.; 

1  Jll.l 

54 

3  7i, 

+5,043.0 

+29.4 

-228.185 

-1,329 

98,642.0 

574.7 

1,359.0 

Region   III: 

Subreglon   Ilia: 
Montana 

7,227.0 
8,659.0 
2,774.0 

30.4 

50.4 
16.2 

+344.0 
+72.0 
-112.0 

Neg. 

+1^563 

+11,178 

-23 
-27 

+65 

5 

3,258.0 
3,841.0 

22.4 

2,457.0 
178.0 
851.0 

5.0 
75.4 

722^ 

360.0 
777.0 

2.1 
4.5 

2,815 
1,737 

2,503 

\ 

3.6 
13.3 

93.0 
58.0 

.5 
.3 

836 
394 

s 

3 
3 

? 

3,258 
18,045 

: 

28 

19 

24 
105 

4 

Utah 

Colorado 

Washington 

; 

Subtotal    Ilia. 

179.0 

+180.0 

■1    1 

0 

101 

49,221.0 

142.2 

3,570.0 

14,870 

86.6 

151.0 

.: 

• 

11 

•  ",      1 

:■  .. 

7 

Subregion   Illb: 

357.3 

-13.0 

Neg' 

+2,787 
+2,433 

" 

% 

] 

26:697.0 

5:i 

229.0 
514.0 

3.0 

3.2 
21.3 

1,356 

I 

7.9 

3^0 

Neg. 

654 
231 

. .  3  ,  ' 

;; 

i 

26^97 

'<■ 

155 

, 

California 

5 

61, 348. C 

+336.0 

1.0 

-29.785 

-173 

5 

31,899.0 

1 '  ■  3  .  7 

5.264 

3" 

185 

^Alaska"   UU: 

-3.0 

»ee. 

+2,6.9 

+15 

. 

2,616.0 

1,588.0 

1.0 

513 

;; 

3... 

.5 

454:0 

| 

2 '876 

" 

, 

753 

3,492 

3'.' 

3 

Subtotal    III 

SiViiS." 

+514.0 

-■■■.<:: 

1 

-48 

'-:,,.  i    >     m 

30,252.0 

■''■■ 

33,424 

it. 

'551. C 

12.189.0 

'' 

■ 

64.612.0 

and  are  indicated 


^Includes  net  for 


Refinerv   outnut 

Stock   ch 

Net   shi   i»entsr 

UPP.v 

p  *  -■"  - 

rtfeTTT 

7777^ 

"'and'unae"1'8 

P Total   domestic 

State  and   Region 

l£„ 

'Btu 

barrels 

btu 

ptlon 

Thousand 

lE 

barrels 

lE 

borrelf 

■if! 

Utilities' 

barr""d 

Tt~ i — 

United  States   total. 

barrels 

"" 

'o't'u 

barrels" 

Hon" 

Btu 

Region   I: 

Subregion   la: 

4,079.0 

27,273.0 

3,252.0 

73.0 

75.0 

3,597.0 
736.0 

145.0 
11,860.0 

3.1 

+82.0 
-151.0 

+334.0 
+7.0 

Neg. 
Neg. 

Neg. 
+.3 

+  .3 

+.3 
+  .2 

+5,731.0 

+9:513.0 
+14,439.0 
+72,543.0 

+i:368.0 

+41595.0 
+6,298.0 
+28,939.0 
-3,283.0 

-549.0 
+3,634.0 

+36.0 

+123.2 
+102.3 

5,742.0 

38,942.0 

42:731.0 
1,451.0 

339.0 

3.1 

40.3 

182.1 

2.0 

9,939.0 

726.0 

2,205.0 
2,975.0 

597.0 

15.0 

1.3 

25.0 
239.5 

62.5 

3.8 
.5 

'529.0 
326.0 

2^263.0 
24,122.0 
3,407.0 
7,992.0 

'223.0 

3.3 

16.5 
53.8 

16.9 

15.9 

1,182.0 
3,746.0 

16,703.0 

1U33.O 
3,812.0 

27.0 

.3 
1.3 

72.4 
Neg. 

23.3 

2,256.0 
1,547.0 
31.0 
10,433.0 
579.0 
1,698.0 

33.0 

37.0 
12,550.0 

536.! 
9.7 

Neg. 
78.9 

54.0 
409.0 

187.0 

.5 

Neg. 

.3 

.3 

3.2 

2.2 
5.6 

.5 
Reg. 

550,536.1 
5,742.0 

'498.0 
38,942.0 

42:731.0 

2,387.0 
l^Sl.O 

b^n.O 

'321.0 

4,202.0 
339.0 

'''"-' 

Delaware 

District   of 

Uest   Virginia... 
North   Carolina.. 
South  Carolina.. 

268.6 

Kentucky":::::: 

Mississippi 

"il 

76,377.0 

■■",""].' 

130.671.0 

Ilk 

24,745.0 
S^.O 

S:!7 

i:° 

-2.3 

;!!:ie4:o 

-72.7 

162.7 

1,973.0 
12,501.0 
2,772.0 

IS 

10,345.0 

U972.0 

75.7 

713.0 

2.2 
4.5 

183.0 
105.0 

Neg. 

:J 

25:893.0 

Si 

318.5 

-431.0 

+4.065.0 

"■"    Ui." 

162:?25.0 

1,022.7 

392.708.C 

2.468.5 

Subregion   I  la: 

572.0 

24.9 

-3.0 

Neg. 

S|| 

S:J 

6,363.0 
378.0 

1,557.0 
31.0 

\ 

'390.0 

30.6 

33.0 

:* 

.5 
Neg. 

Keg. 

North  Dakota 

South   Dakota. . . . 

"'I 

5,538.0 

34.8 

■.-II' 

New"exico 

58:629.0 

26.3 
368.6 

-375.0 

+.3 

■?J 

2,249.0 

4J 

"s:s 

2:i 

605.0 
3^15.0 

3.8 

7,778.0 

18b. 0 

49  0 

.3 

«■; 

;■• 

i:396.0 

3.0 
139.0 

-■-.     : 

220.1 

-730.0 

46,504.0 

-:■■.■ 

--   :  ■■-. 

Region   III: 

3^00.0 
9^229.0 

12.2 
58.0 

~-ll:°o 

+2.1 

j.3"J." 

-3.0 
+  1.3 

-5.5 

'201.0 
1,738.0 
5,562.0 

3.-o3.' 

35.0 

354.0 

330.0 
454.0 

384.0 
3,453.0 

1:1 

4 

i 

,.^:S 

Neg. 

mo 

.3 

Neg. 

5^62.0 
5.-;j. 

IS. 

35.0 
11.3 
57.7 

:.      ,    - 

1 30 . 4 

! 

1 

1: 

^Arizona   '1Ib: 

93,314.0 

586.7 

7.7".:." 

1:1 

+66.0 

-22,242.0 

20" 

1.3 

5.0 
158.0 

Neg. 
27.4 

IKO 

- .- .  5 

i:S 

146.5 

31.0 

Neg. 

95.0 

Nevada 

49^2 

-    - 

:■■  ■     ■ 

-  "  .-    . 

-    1    !         J 

:..-. 

:    .. 

SUAlaSkan   UIC: 

,8.0 

+., 

+O87.0 

1-4.3 

695.0 

247.0 

1.6 

217.0 

1.4 

15.0 

■1 

2.0 

Neg. 

'     i 

695.0 

35.3 

3".'-. 

■ 

:. 

39." 

Subtotal    111 

~ 

■v:  -■  ' 

-     -    : 

~       ". 

Supplv 

~ Demand    bv  malor   consumer    <„tn,l 

ce,ss-prUnt''proPdruct 

Stock   chance- 

Net    shipments? 

refineries 

IvailabiTfor 

"co™ercu!"d 

indust 

Trans    1 

"'and'inaT" 

1 '    d " 

Thousanc 

lS 

barrels 

Trll- 

barrels 

'£ 

barrel. 

'SS 

=" 

",::, 

b-arrer 

';,:: 

i',.':,,":t,"1 

" 

■rllllon 

l'.!]'r",':"l"s" 

'o't'u 

IIi.....,.ii.i 

1 ;,.,'/ 

'£ 

1  .  '  ..  ■  . 

in. .5 

!■'...     5.1 

Subregion    la : 

4,504.0 
2,827.0 

578.0 
8,120.0 

3,570.0 

27.0 

794.0 

3.105.0 

11.3 

3.2 
12.5 

+154.0 

Neg. 
Neg. 

Neg. 
+  .6 

+5.7 

+15.1 
+8.3 

+8.3 

-l',673!o 

-685.0 

-2.7 

1,318.0 
3,353.0 
3,785.0 

10,338.0 
3,774.0 
2,072.0 
4,507.0 

5,204.0 

4,321.0 

4.175.0 

13:4 

12.0 
5.7 

6.5 
41.5 

18.1 
20.9 

17.3 

372^ 

158.0 
815.0 

'790.0 

1,587.0 

339.0 

330.0 
3,015.0 

3,638.0 

1,336.0 
3,143.0 

2, 1. '..-..  11 

1.5 
4.3 

3.3 

3.2 

4.3 

5.3 
1.3 

6.7 

5.3 
13.5 

3.0 

76.0 
206.0 

59.0 
239.0 
123.0 

Nl  ,;  . 
Neg. 

.5 
.8 

.3 
Neg. 

.5 
3.2 

3.0 
Neg. 

3.0 

277.0 

Neg. 
Neg. 

Neg! 

Neg. 
Neg. 

New  Hampshire... 

+658 

H.318 

+344 

+1,053 
t2,213 
+3,774 
+2,072 

I 

76 
322 

432 

56  7 

2,857 

1,177 

321 

365 
324 
353 

3,200 

jj 

40 

3 
3 
3 

5 

5 
7 

1,502 
223 

1,318 
3,353 

3,785 
2,986 

1,632 

4' 507 

5^204 
1,947 

4,321 

; 

5 
12 

15 

1 

Connecticut 

Delaware 

Dlscrict   of 

South   Carolina.. 

3 

3 

Tennessee!:::.:: 

lis 

7 

Mississippi 

3 

30.089.0 

.4.3 

-  :  -. . .-. 

37,070.0 

255.3 

Michigan 

3^207.0 
139.0 

s 

-31.0 

+359.0 
-3.0 

+T.I 

+8,057.0 

11^367.0 
15.310.0 

+32.3 

-178.0 

-12.9 

6,368.0 

2S.5 

4,697.0 

":l 

'789 

I 

5 

' 

i.lw.l 

37.0 

6,368 
16,649 

I 

25 

5 

S"s"t*t  ibi" 

■  32.  1 

'■■" 

. 

1,519.0 

■ 

13. 

* 

Region    II: 

632.0 
403.0 

2.5 

+56.0 

+6,322.0 
-578.0 

+24.9 

.... 

-4.3 

23.8 
25.1 

13.7 

5',  578.0 

3.5 

213 
72 

I 

j 

129.0 
162.0 

3 

43.0 

3.0 
13.0 

Neg. 

5,928 
l|l95 

I 

23 

8 

North   Dakota 

' 

Subtotal    Ila.. 

3.452.0 

13.8 

3.940 

15 

3 

136.0 

Sub-region    lib: 
Louisiana 

2,145.0 

185!527.0 
18,293.0 

16,383.0 

103.6 

73.4 

-735.0 
-73.0 

+225.0 

-3.0 

-\}',I*1}.0 
-43^397.0 

-5,469.0 

-32.3 

114,385.0 

30.4 
458.8 

2,540.0 

21.9 
7.3 

18,541 
410 

767 

I 

332 

5 

15,819.0 

702.0 

2 

2 

13.0 

Neg. 
Neg. 

5,649 
21,638 
7,577 

I 

26 

J 

j    „,..,, 

171.  2 

15    .    52." 

. 

33,863.0 

1  3  3.7 

1  .'.    ■•: 

65 

5 

- 

1.3 

.      . .  i  :  ,    . . 

56.715.0 

106.837 

1 

456.0 

Subregion    Ilia: 

1,320.0 

942.0 
l[336.0 

15.7 
.5 

*ll\l 

+.3 

+563.0 
+31.0 

+2.3 
+3.9 

-1,274.0 

-5.1 

563.0 

3,061.0 
1,361.0 

2.3 

12.3 
5.5 

748.0 
595.0 

3.0 

2.5 
2.3 
10.5 
4.2 

113 
271 

: 

' 

5 
3 

15.0 
43.0 

, 

2 

7 
2 

Neg. 

3.0 
13.0 

Neg! 

563 
1,068 

715 

I 

2 

0 

Wyoming 

3 

Washington 

5 

1  .  I"i  ." 

,  ,  - .    ... 

35.3 

.  3 

3 

Subregion    Hlb: 

18.394.0 

-58.0 

+1,057.0 
+720.0 

*:J 

1,057.0 

J:! 

3.4 
2.5 

80 

;; 

.3 
.3 

30.0 
719.0 

:? 

"eg! 

1,057 

I 

, 

California 

6 

Subtotal    Illb. 

7^459.0 

.... 

390.0 

Subregion    Ilk: 

,21.0 

.5 

Neg. 

-i 

.« 

,1.0 

.« 

,2 

Neg. 

1.0 

Neg. 

« 

* 

Subtotal    111c. 

;,   i    ,, 

-3  'i 

"„". 

-14   0 

1.4 

224  0 

1"  .. 

109 

. 

13.0 

;,. 

346 

.1 

1 

. 

Subtotal    111 

'..'.■' 

115.9 

-43.0 

-.  1 

-,■'1  1  ." 

10.. 

■     .  '    .- 

, 

.■..'-■;■.. 

14.654.0 

if     ' 

i 

1,533.0 

-   ■  1 

499.0 

22 

24,737 

" 

_      ■". 

- 

i 


Su 

pply 

Demand  by  maior  consumer  sector1 

State  and  Region 

Refiner  >  output 

Stock  change2 

Net  shipments'" 

available  for 

Transportation 

Total  domestic 

Thousand 
barrels 

Trillion 
Btu 

Thousand 
barrels 

Trillion 
Btu 

Thousand 
barrels 

Trillion 
Btu 

consu 

Thousand 
barrels 

Trillior 
Btu 

barrels 

Trillion 

Thousand 
barrels 

Trillion 
Btu 

Btu 

United  States  total. 

82,529.0 

433.0 

+1,566.0 

+8.2 

+30,026.0 

+157.5 

114,121.0 

598.7 

114,121 .0 

598.7 

114,121.0 

598.7 

Region  I: 

Subregion  la: 

612.0 

749.0 

1,550.0 

143.0 

1,206.0 

1,405.0 

583.0 

403.0 

2,540.0 

3.2 
3.9 
8.1 

6.3 
7.4 
3.0 
2.1 
13.3 

+2.0 

+4.0 
+  1.0 
+2.0 
-50.0 
-33.0 
-174.0 
+  1.0 
+3.0 

+  10.0 
-4.0 

+  16.0 
+8.0 

+13.0 
+9.0 

-37.0 

+21.0 

+6.0 

-1.0 

+131.0 

Keg. 

Neg. 

Neg. 

Neg. 

Neg. 
-.3 
-.2 
-.9 

Neg. 

Neg. 

+  .1 
Neg. 

+  .1 
Neg. 

+  .1 
Neg. 

-.2 

+  .1 
Neg. 
Neg. 

+  .7 

+3,850.0 
+1,281.0 

+364.0 

+439.0 

+2,220.0 

+2,925.0 

+1,361.0 

-390.0 

+491.0 

rl, 277.0 

+64.0 

+2,784.0 

+4.0 

+1,367.0 

+891.0 

+2,986.0 

+9,422.0 

+318.0 

-959.0 

+162.0 

+193.0 

-55.0 

+20.2 

+6.7 

+  1.9 
+2.3 
HI. 7 
+  15.4 
+7.2 
-2.0 
+2.6 
+6.7 

+  .3 
+  14.6 
Neg. 
+7.2 
+4.7 
+  15.6 
+49.4 
+1.7 
-5.0 
+  .9 
+  1.0 
-.3 

3,854.0 
1,283.0 

368.0 

440.0 

2,222.0 

3,487.0 

2,077.0 

986.0 

492.0 

1,280.0 

64.0 
2,794.0 

1,383.0 

899.0 

2,999.0 

9,574.0 

1,487.0 

467.0 

751.0 

595.0 

2,616.0 

20.2 
6.7 

1.9 
2.3 
11.7 
18.3 
10.9 
5.2 
2.6 
6.7 

.3 

14.7 

7.3 
4.7 
15.7 
50.2 
7.8 
2.5 
3.9 
3.1 
13.7 

3,854.0 
1,283.0 

368.0 

440.0 

2,222.0 

3,487.0 

2,077.0 

986.0 

492.0 

1,280.0 

64.0 
2,794.0 

1,383.0 

899.0 

2,999.0 

9,574.0 

1,487.0 

467.0 

751.0 

595.0 

2,616.0 

20.2 

6.7 

1.9 
2.3 
11.7 
18.3 
10.9 
5.2 
2.6 
6.7 

.3 

14.7 

7.3 
4.7 
15.7 
50.2 
7.8 
2.5 
3.9 
3.1 
13.7 

3,854.0 
1,283.0 

368.0 

440.0 

2,222.0 

3,487.0 

2,077.0 

986.0 

492.0 

1,280.0 

64.0 
2,794.0 

1,383.0 

899.0 

2,999.0 

9,574.0 

1,487.0 

467.0 

751.0 

595.0 

2,616.0 

New  Hampshire. . . 

6.7 

Massachusetts.  .  . 
Rhode  Island. .  .  . 

Connecticut 

New  York 

New  Jersey 

Pennsylvania. . .  . 

Delaware 

Maryland 

District  of 

Columbia 

Virginia 

West  Virginia. .. 
North  Carolina.  . 
South  Carolina. . 

1.9 
2.3 
11.7 
18.3 
10.9 
5.2 
2.6 
6.7 

•  3 

14.7 

7.3 
4.7 
15.7 
50.2 
7.8 
2.5 
3.9 
3.1 
13.7 

Kentucky 

Tennessee 

Mississippi 

Ohio 

Subtotal  la.. . 

9,191.0 

48.1 

-68.0 

-.5 

+30,995.0 

+162.8 

40,118.0 

210.4 

40,118.0 

210.4 

40,118.0 

210.4 

Region  lb: 

Indiana 

Illinois 

Michigan 

Wisconsin 

2,815.0 
597.0 
283.0 

3.1 

1.5 

+220.0 
+16.0 
+41.0 
+6.0 

+1.2 
+  .1 
+  .2 
Net:. 

+931.0 

-204.0 

+2,648.0 

+541.0 

+4.8 
-1.1 
+13.9 
+2.9 

3,966.0 
409.0 

2,972.0 
547.0 

20.8 
2.1 

15.6 
2.9 

3,966.0 
409.0 

2,972.0 
547.0 

20.8 
2.1 

15.6 
2.9 

3,966.0 
409.0 

2,972.0 
547.0 

20.8 
2.1 

15.6 
2.9 

Subtotal  lb. . . 

3,695.0 

19.4 

+283.0 

+1.5 

+3,916.0 

+20.5 

7,894.0 

41.4 

7,894.0 

41.4 

7,894.0 

41.4 

Subtotal  I.. 

12,886.0 

67.5 

+215.0 

+1.0 

+34,911.0 

-183.3 

48,012.0 

251.8 

48j012.0 

48,012.0 

251.8 

Region  11: 

Subregion  Ila: 
Minnesota 

1,622.0 

1,208.0 
484.0 

8.5 

6.3 
2.5 

-63.0 
-16.0 
-21.0 
+58.0 
+2.0 
-6.0 

-.3 

-.1 

+  .3 
Neg. 
Neg. 

-1,039.0 
+1,009.0 
-784.0 
+1,639.0 
+1,614.0 
+1,200.0 

-5.5 

+5.3 
-4.1 

+8.5 
+6.3 

520.0 

993.0 

403.0 

2,181.0 

1,616.0 

1,194.0 

2.7 
5.2 
2.1 

11.4 
8.5 
6.3 

520.0 

993.0 

403.0 

2,181.0 

1,616.0 

1,194.0 

2.7 
5.2 
2.1 
11.4 
8.5 
6.3 

520.0 

2.7 

Missouri 

North  Dakota. . . . 

South  Dakota 

Nebraska 

403.0     2.1 
2,181.0;    11.4 
l,616.0i     8.5 
1,194.0!    6.3 

Subtotal  Ila.  . 

3,314.0 

17.3 

-46.0 

-.2 

+3,639.0 

+  19.1 

6,907.0 

36.2 

6,907.0 

36.2  i   6.907.0    36.2 

Subregion  lib: 

Arkansas 

Louisiana 

Oklahoma 

30.0 
10,270.0 
4,896.0 
25,998.0 
1,393.0 
857.0 

.2 

53.9 
25.7 
136.4 
7.4 
4.5 

+4.0 
+289.0 
-74.0 
+810.0 
-17.0 
-53.0 

Neg. 
+  1.5 

+4.4 
-.1 

-.3 

+61.0 
-7,863.0 
-2,595.0 
-13,733.0 
-486.0 
+1,106.0 

+  .3 
-41.3 
-13.6 
-72.2 
-2.6 
+5.8 

95.0 
2,696.0 
2,227.0 
13,075.0 
890.0 
1,910.0 

.5 
14.1 
11.7 
68.6 
4.7 
10.0 

95.0 
2,696.0 
2,227.0 
13,075.0 
890.0 
1,910.0 

.5 
14.1 
11.7 
68.6 
4.7 
10.0 

95.0      .5 
2,696.0 j    14.1 
2,227.0    11.7 

New  Mexico 

Kansas 

890. Ol    4.7 
1,910.0!    10.0 

Subtotal  lib.. 

43,444.0 

228.1 

+959.0 

+5.1 

-23,510.0 

-123.6 

20,893.0 

109.6 

20,893.0 

109.6 

20,893.01   109.6 

Subtotal  II. 

46,758.0 

245.4 

+913.0 

+4.9 

-19,871.0 

-104.5 

27,800.0 

145.8 

27,800.0 

145.8  '  27,800.0    145.8 

Region  III: 

Subregion  Ilia: 

2,818.0 

1,485.0 
1,145.0 

131.0 
1,904.0 

173.0 

14.8 

6.1 

.7 

10.0 

.9 

+139.0 
+4.0 
+25.0 
-53.0 
+15.0 
+21 .0 
-17.0 

+  .7 
Neg. 
+  .1 
-.3 
+  .1 
+  .1 

-1,686.0 
^332.0 

-1,502.0 
-244.0 
+235.0 
-474.0 
-156.0 

-8.8 
+  1.8 
-7.9 
-1.3 
+  1.2 
-2.5 
-.8 

1,271.0 

336.0 

8.0 

848.0 

381.0 

1,451.0 

6.7 

Neg. 
4.5 
2.0 
7.6 

1,271.0 

336.0 

8.0 

848.0 

381.0 

1,451.0 

6.7 
1.8 
Neg. 
4.5 
2.0 
7.6 

Idaho 

336.0 
8.0 

1.8 
Neg. 

Utah 

Colorado 

Washington 

Oregon 

848.0 

381.0 

1,451.0 

4.5 
2.0 
7.6 

Subtotal  Ilia. 

T  ,  ■■■  3i  ■  u 

40.3 

+134.0 

+  .6 

-3,495.0 

-18.3 

4,295.0 

22.6 

4,295.0 

22.6 

4,295.0 

22.6 

Subregion  Illb: 

77.1 

-8.0 

-4.0 

+307.0 

Neg. 
Neg. 

+  1.7 

+2,250.0 

+456.0 

+14,718.0 

+  11.8 
+2.4 
+77.2 

2,242.0 

452.0 

29,735.0 

11.8 

2.4 

156.0 

2,242.0 

452.0 

29,735.0 

11.8 

2.4 

156.0 

2,242.0 

452.0 

29.735.0 

11.8 

Nevada 

California 

2.4 
156.0 

Subtotal  Illb. 

14,710.0 

77.1 

+  295.11 

+1.7 

+17,424.0 

+91.4 

32,429.0 

170.2 

32,429.0 

1  70 .  2 

32.-29.0 

1  70 . 2 

Subregion  IIIc: 

173.0 

.9 

.  +2.0 

Neg. 

+717.0 
+340.0 

+3.8 
+1.8 

892.0 
693.0 

4.7 
3.6 

892.0 
693.0 

3.6 

892.0 
693.0 

4.7 

Hawaii 

3.6 

Subtotal  IIIc. 

519.0 

2.7 

+9.0 

Neg. 

+1,057.0 

+5.6 

1,585.0 

8.3 

1,585.0 

8.3 

1.5S5.0 

8.3 

Subtotal  III 

22,885.0 

120.1 

+438.0 

+2.3  1+14, 986. 0|   +78.7 

38,309.0 

201.1 

38.309.0 

20  1  .  1 

Neg.--Neglig 
household  and 

apply   to    th 
Withdrawals   f 

signs. 
-Includes   net 


unaccounted   for 


and  are   indicated   by   plus 
thousand   barrels;    86.6    tr 


TABLE  13.  -  Supply  and  demand  for  gasolin 


by  States  and  Reel 


Supply 

Refinery  output 

Net  shipments3 

Total  supply 
available  for 
consumption 

Transportation 

Total  do. 

Stock  ch 

ange"* 

Thousand 
barrels 

Tril- 
lion 
Btu 

demon 

State  and  Region 

Thousand 
barrels 

Tril- 
lion 
Btu 

Thousand 
barrels 

Tril- 
lion 
Btu 

Thousand 
barrels 

Trillion 
Btu 

Thousand 
barrels 

Thousand 
barrels 

Tril- 
lion 
Btu 

United  States  total. 

1,693,741.0 

8,888.8 

+11,633.0 

+61.0 

+14,826.0 

+77.8 

1,720,200.0 

9,027.6 

1,720,200.0 

9,027.6 

1,720,200.(1 

Region  I: 

Subregion  la: 

12,849.0 
74,003.0 
101,585.0 
22,174.0 

6,887.0 
642.0 

15,901.0 

2,500.0 

100.0 

5,100.0 

92,765.0 

67.4 
388.4 
533.1 
116.4 

36.1 
3.4 

83.4 
13.1 
.5 
26.8 
486.8 

+96.0 
+44.0 
+38.0 
+372.0 
+67.0 
+67.0 
+733.0 
+375.0 
+241.0 
-195.0 
+307.0 

+5.0 
+207.0 
+118.0 
+451.0 
+229.0 
+376.0 
+327.0 
+430.0 
+235.0 
+86.0 
-43.0 
+2.0 

+  .5 
+  .2 
+  .2 
+2.0 
+  .4 
+  .4 
+3.8 
+2.0 
+1.3 
-1.0 
+1.6 

Neg. 
+1.1 
+.6 
+2.4 
+1.2 
+2.0 
+1.7 
+2.3 
+1.2 
+.5 
-.2 
NeB. 

+8,943.0 
+5,706.0 
+3,686.0 
+39,141.0 
+6,471.0 
+22,519.0 
+106,682.0 
-19,105.0 
-16,479.0 
-16,591.0 
+26,655.0 

+5,315.0 
+30,215.0 
+11,937.0 
+42,747.0 
+20,804.0 
+38,891.0 
+53,860.0 

+9,715.0 
+30,302.0 
+28,809.0 
+13,523.0 

-6,161.0 

+46.9 
+30.0 
+19.3 
+205.4 
+33.9 
+118.1 
+559.9 
-100.3 
-86.5 
-87.1 
+139.9 

+27.9 
+158.6 

+62.6 
+224.3 
+109.2 
+204.1 
+282.7 

+51.0 
+159.1 
+151.2 

+70.9 

-32.3 

9,039.0 
5,750.0 
3,724.0 

39,513.0 
6,538.0 

22,586.0 
120,264.0 

55,273.0 

85,347.0 
5,388.0 

26,962.0 

5,320.0 
37,309.0 
12,697.0 
43,198.0 
21,033.0 
39,267.0 
54,187.0 
26,046.0 
33,037.0 
28,995.0 
18,580.0 
86,606.0 

47.4 
30.2 
19.5 
207.4 
34.3 
118.5 
631.1 
290.1 
447.9 
28.3 
141.5 

27.9 
195.8 

66.6 
226.7 
110.4 
206.1 
284.4 
136.7 
173.4 
152.2 

97.5 
454.5 

9,039.0 
5,750.0 
3,724.0 

39,513.0 
6,538.0 

22,586.0 
120,264.0 

55,273.0 

85,347.0 
5,388.0 

26,962.0 

5,320.0 
37,309.0 
12,697.0 
43,198.0 
21,033.0 
39,267.0 
54,187.0 
26,046.0 
33,037.0 
28,995.0 
18,580.0 
86,606.0 

47.4 
30.2 
19.5 
207.4 
34.3 
118.5 
631.1 
290.1 
447.9 
28.3 
141.5 

27.9 
195.8 

66.6 
226.7 
110.4 
206.1 
284.4 
136.7 
173.4 
152.2 

97.5 
454.5 

9,039.0 
5,750.(i 
3,724.o 

39,513 O 
6, 538.0 

22,58(..'- 
120,26''  0 

55,273.0 

85,347  0 
5,388.0 

26,962.0 

5,320.0 
37,309.0 
12,697.0 
43,198.0 
21,033.0 
39,267.0 
54,187.0 
26,046.0 
33,037.0 
28,995.0 
18,580.0 
86,606.0 

New  Hampshire. . . 

Massachusetts. . . 
Rhode  Island. . . . 

Connecticut 

New  York 

New  Jersey 

Pennsylvania 

Delaware 

Maryland 

District  of 

Columbia 

Virginia 

West  Virginia... 
North  Carolina. . 
South  Carolina. . 

284.4 
136.7 

Kentucky 

Mississippi 

Ohio 

Subtotal  la. . . 

334,506.0 

1,755.4 

+4,568.0 

+24.2 

+447,585.0 

+2,348.8 

786,659.0 

4,128.4 

786,659.0 

4,128.4 

786_,659.0 

■ 

Subregion  lb: 

81,841.0 

118,032.0 

25,486.0 

3,000.0 

429.5 
619.4 
133.8 
15.7 

+1,391.0 
+928.0 
+889.0 
-142.0 

+7.2 
+4.9 
+4.6 
-.7 

-34,887.0 
-32,997.0 
+51,459.0 
+33,371.0 

-183.0 
-173.2 
+270.1 
+175.1 

48,345.0 
85,963.0 
77,834.0 
36,229.0 

253.7 
451.1 
408.5 
190.1 

48,345.0 
85,963.0 
77,834.0 
36,229.0 

253.7 
451.1 
408.5 
190.1 

48,345.0 
85,963.0 
77,834.0 
36,229.0 

Illinois 

Michigan 

Wisconsin 

Subtotal  lb... 

228,359.0 

1,198.4 

+3,066.0 

+16.0 

+16,946.0 

+89.0 

248,371.0 

1,303.4 

248,371.0 

1,303.4 

248,371.0 

Subtotal  I.. 

562,865.0 

2,953.8 

+7,634.0 

+40.2 

+464,531.0 

+2,437.8 

1_,035_,030.0 

5,431.8 

1,035,030.0 

5,431.8 

l,035,03O.i> 

Region  II: 

Subregion  Ila: 

15,362.0 

12,531.0 
9,982.0 

600.0 

80.6 

65.8 
52.5 

3.1 

+221.0 
+25.0 

+180.0 
-70.0 
-32.0 
-3.0 

+1.2 
+.  1 
+.9 
-.4 
-.2 

Neg. 

+19,888.0 
+31,145.0 
+33,199.0 
-1,631.0 
+9,272.0 
+15,924.0 

+104.4 
+163.5 
+174.2 
-8.6 
+48.7 
+83.6 

35,471.0 
31,170.0 
45,910.0 
8,281.0 
9,240.0 
16,521.0 

186.2 
163.6 
240.9 
43.5 
48.5 
86.7 

35,471.0 
31,170.0 
45,910.0 
8,281.0 

9,240.0 
16,521.0 

163.6 

240.9 
43.5 
48.5 
86.7 

35,471 .0 
31,170.0 
45,910.0 
8,281.0 
9,240.0 
16,521.0 

LI 

Missouri 

North  Dakota 

South  Dakota. . . . 
Nebraska 

Subtotal  Ila. . 

38,475.0 

202.0 

+321.0 

+1.6 

+107,797.0 

+565.8 

146,593.0 

769.4 

146,593.0 

769.4 

146,593.0 

Subregion  lib: 

Arkansas 

Louisiana 

Oklahoma 

Texas 

New  Mexico 

Kansas 

13,572.0 
167,649.0 

78,712.0 

465,567.0 

7,069.0 

68,158.0 

71.2 

879.8 

413.1 

2,443.3 

37.1 
357.8 

+76.0 

-326.0 

+815.0 

+1,612.0 

-90.0 
+522.0 

+  .4 
-1.7 
+4.3 
+8.4 

-.5 
+2.7 

+4,390.0 
-139,305.0 
-49,541.0 
-341,945.0 
+4,001.0 
-42,485.0 

+23.1 

-731.1 

-260.0 

-1,794.6 

+21.0 
-223.0 

18,038.0 

28,018.0 
29,986.0 
125,234.0 
10,980.0 
26,195.0 

94.7 
147.0 
157.4 
657.1 

57.6 
137.5 

18,038.0 
28,018.0 
29,986.0 
125,234.0 
10,980.0 
26,195.0 

94.7 
147.0 
157.4 
657.1 

57.6 
137.5 

18,038.0 
28,018.0 
29,986.0 
125,234.0 
10,980.0 
26,195.0 

l 

Subtotal  lib.. 

800,727.0 

4,202.3 

+2,609.0 

+13.6 

-564,885.0 

-2,964.6 

238,451.0 

1,251.3 

238,451.0 

1,251.3 

238,451.0 

1.2! 

Subtotal  II. 

839,202.0 

4,404.3 

+2,930.0 

+15.2 

-457^088.0 

-2,398.8 

385,044.0 

2,020.7 

385,044.0 

2,020.7 

385,044.0 

2j" 

Region  III: 

Subregion  Ilia: 

15,603.0 

18,523.0 
19,174.0 
6,302.0 
23,207.0 

81.8 

97.2 
100.6 

33.1 
121.8 

+70.0 
+22.0 
-1.0 
+11.0 
+97.0 
+160.0 

+  .4 
+  .1 
Neg. 
+  .1 
+  .5 
+.8 

-6,519.0 

+7,563.0 
-13,773.0 

-8,665.0 
+12,762.0 

+5,371.0 

-34.2 
+39.7 
-72.3 
-45.5 
+67.0 
+28.2 

9,154.0 
7,585.0 
4,749.0 
10,520.0 
19,161.0 
28,738.0 
19,626.0 

48.0 
39.8 
24.9 
55.2 
100.6 
150.8 
103.0 

9,154.0 
7,585.0 
4,749.0 
10,520.0 
19,161.0 
28,738.0 
19,626.0 

48.0 
39.8 
24.9 
55.2 
100.6 
150.8 
103.0 

9,154.0 
7,585.0 
4,749.0 
10,520.0 
19,161.0 
28,738.0 
19,626.0 

Idaho 

Colorado 

Washington 

1 
1 

Subtotal  Ilia. 

82,809.0 

434.5 

+461.0 

+2.4 

+16,263.0 

+85.4 

99,533.0 

522.3 

99,533.0 

522.3 

99,533.0 

3 

Subregion  Illb: 

206,544.0 

1,084.0 

+42.0 
+19.0 
+521.0 

+.2 
+.1 
+2.7 

+14,993.0 
+5,673.0 
-33,672.0 

+78.7 
+29.8 
-176.7 

15,035.0 

5,692.0 

173,393.0 

78.9 
29.9 
910.0 

15,035.0 

5,692.0 

173,393.0 

78.9 
29.9 
910.0 

15,035.0 

5,692.0 

173,393.0 

Nevada 

California 

" 

Subtotal  Illb. 

206j 544.0 

1,084.0 

+582.0 

+3.0 

-13^06.0 

-68.2 

194,120.0 

1,018.8 

194, 120.0 

1,018.8 

194.120.0 

1  . 

Subregion  Illc: 

+14.0 

+.1 

+1,844.0 

+9.7 

1,858.0 
4,615.0 

9.8 
24.2 

1,858.0 
4,615.0 

9.8 
24.2 

1,658.0 
4,615.0 

Subtotal  IIIc. 

2,321.0 

12.2 

+26.0 

+  .2 

+4,126.0 

+21.6 

6,473.0 

34.0 

6,473.0 

34.0 

6,473. 0 

_ 

Subtotal  III 

291,674.0 

1,530.7 

+1,069.0 

+5.n 

+7,383.0 

+38.8 

1,575.1 

Household  and  commercial;  industrial;  electricity  generation,  u 

this  commodity. 
Withdrawals  from  stocks  add  to  supply  and  are  indicated  by  plus 

signs. 
3lncludes  net  foreign  trade:   5,180.0  thousand  barrels;  27.7  tri 


Llities;  and 
signs;  addit 
lion  Btu. 


miscellaneous  and  unaccounted  for 
ions  to  stocks  reduce  supply  and  a 


Supply  and  demand  for  ke 


Supply 

Demand  by  maior  consumer  secto 

cl 

Refinery  output 

Stock  ch 

Net  ship 

nents3 

Total  supply 
available  for 

Household  and 

Indust 

IOtadem:anTtlC 

State  and  Region 

Thousand 
barrels 

Tril- 
lion 
Btu 

Thousand 
barrels 

Tril- 
Btu 

Thousand 

Trii- 

consum 

ption 

Thousanc 
barrels 

Tril- 
Btu 

Thousand 
barrels 

Tril- 
Btu 

Thousand 
barrels 

Tril- 
Btu 

Thousand 
barrels 

Thousand 
barrels 

Tril- 
lion 
Btu 

Btu 

United  States  total. 

201,788.0 

1,150.5 

+1.724.0 

+9.8 

+2,452.0 

+13.9 

205,964.0 

1,174.2 

79,188.0 

449.0 

18.461.0 

104.3 

108,315.0 

620.9 

205,964.0 

1,174.2 

Subregion  la: 

932.0 
7,474.0 
6,452.0 
1,326.0 

38.0 

2,403.0 
38.0 
37.0 
16.0 

5,201.0 

5.3 
42.6 
36.6 

7.6 

.2 

13.6 
.2 
.2 
.1 

29.6 

11.7 
4.3 
4.3 

34.8 
3.8 

13.9 
150.2 

26.9 

36.5 
5.1 

21.5 

.6 
47.2 

1.7 
74.7 
18.8 

7.6 
80.3 
16.8 
16.0 

5.6 

2.3 
44.0 

10.2 
4.2 

17.0 
3.4 
6.7 

27.4 
9.7 

17.7 
3.9 

12.9 

.5 
28.7 

1.2 
62.3 
15.8 

4.1 
18.2 

3.5 
31.1 

255.0 
22.0 
15.0 
504.0 
62.0 
120.0 
797.0 
389.0 
724.0 
134.0 
100.0 

17.0 
491.0 
50.0 

1,750.0 
504.0 
568.0 

1,242.0 
146.0 

1,116.0 
290.0 
205.0 
853.0 

2.0 
2,598.0 

1,126.0 
20,635.0 
2,610.0 
2,571.0 
64.0 
1,396.0 

2,739.0 
29.0 
460.0 
24.0 
52.0 
9,607.0 
586.0 
286.0 
95.0 
55.0 
1,411.0 

Neg. 
14.9 

6.5 
118.3 
15.0 
14.7 

8.0 

15.7 
.2 
2.6 

.3 
55.1 
3.4 

.5 
.3 

New  Hampshire. . . 

+33 
+28 

+134 
+21 
+50 

+336 
+42 
+14 
+90 

+142 

+3 
+211 
+14 
+344 
+162 

+248 
-31 
+20 
-6 
+13 

-112 

0 
0 
0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 

0 
0 
0 

0 

+1 

Ne 
+1 

+2 

+1 
+1 

Ne 

2 
2 

3 
9 
2 

1 
5 

8 

0 
9 
5 

2 
1 
I- 

1 

+726 

+735 
+5,962 

+645 

+2,385 

+24,994 

-2,809 

-41 

-526 
+3,627 

+101 
+8,076 

+230 
+12,842 
+3,161 
+1,082 
+13,811 

+591 
+2,770 

+973 

+372 
+2,654 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 

0 
0 

0 

+34 
+3 
+13 
+  143 
-15 

-3 
+20 

+46 

+1 
+72 
+17 

+6 
+78 

+3 
+15 

+5 

+2 
+  15 

1 
0 
7 
6 
0 

2 
0 
7 

6 

7 

1 
9 

7 
0 

759 

763 
6,096 

666 
2,435 
26,262 
4,707 
6,425 

890 
3,769 

104 
8,287 

282 
13,186 
3,323 
1,350 
14,059 
2,963 
2,828 
1,004 

401 
7,743 

0 

0 
0 

0 

0 
0 
0 
0 
0 
0 

0 
0 
0 

737 

746 
2,994 

604 
1,189 
4,830 
1,708 
3,130 

692 
2,273 

87 
5,057 
203 
10,976 
2,795 
730 
3,210 
2,231 
1,426 

5,479 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0 

0 
0 
0 
0 
0 

a 

2 
2 

2 

9 
2 
3 

7 

1 

1 
1 

9 

7 
5 
2 

1 

8 
3 

9 
2 
0 
8 
3 

2 

759 

763 
6,096 

666 
2,435 
26,262 
4,707 
6,425 

890 
3,769 

104 
8,287 

282 
13,186 
3,323 
1,350 
14,059 
2,963 
2,828 
1,004 

401 
7,743 

0 
0 

0 
0 

0 
0 

0 
0 

0 

0 
0 
0 
0 
0 
0 
0 
0 
0 

0 

34 
3 

13 
150 

26 

36 
5 

47 

18 
7 
80 
16 
16 
5 

44 

3 
3 
8 

2 

9 
5 

5 

7 

7 
8 

3 

0 
6 
3 

0 

Massachusetts. . . 

Rhode  Island 

Connecticut 

New  York 

New  Jersey 

Pennsylvania. . . . 

Delaware 

Maryland 

District  of 

Columbia 

Virginia 

West  Virginia. . . 
North  Carolina. . 
South  Carolina. . 

Kentucky 

Tennessee 

Mississippi 

Ohio 

Subtotal  la... 

23,917.0 

136.0 

■i-:\o% 

0 

+  12 

0 

+84,342 

0 

1-481 1 

6 

110,355 

0 

628.6 

53,655 

0 

304.2 

10,354.0 

58 

7 

46,346.0 

265.7 

110,355 

0 

628 

6 

Subregion  lb: 

8,295.0 

17,092.0 
2,827.0 

97.2 
16.0 

+135 
-124 
+36 

0 
0 
0 

0 

Ne 

8 

7 

+1,472 
-7,137 
+3,876 
+1,335 

0 
0 

-40 
+22 

+7 

3 
5 

9,902 
9,831 
6,739 
1,333 

0 

0 

56.5 
56.0 
38.2 
7.6 

2,813 
4,384 
4,679 
1,169 

0 
0 
0 

n 

15.9 
24.9 
26.5 
6.6 

633.0 

957.0 

1,205.0 

81.0 

3 

5 

6 

6 
8 

6,456.0 

4,490.0 

855.0 

83.0 

37.0 
25.7 
4.9 

9,902 
9,831 

6,739 

0 

0 

56 
56 
38 
7 

5 
2 

Illinois 

Michigan 

Wisconsin 

Subtotal  lb. . . 

28,214.0 

160.6 

+45 

0 

+ 

3 

-454 

0 

-2 

6 

27,805 

0 

158.3 

13,045 

: 

73.9 

2,876.0 

16 

3 

11,884.0 

68.1 

I 

0 

158 

3 

Subtotal  I.. 

52,131.0 

-'■  .  141 

+12 

u 

133,160 

58,230.0 

: .' :. .  ■ 

:      ■   ■ 

'. 

:- 

9 

Subregion  Ha: 

North  Dakota 

South  Dakota 

Nebraska 

584.0 
1,363.0 

1,463.0 

5.0 

3.3 

7.7 

8.3 
NeE. 

-27 
-10 
-170 

+7 

-3 

0 
0 
0 
0 

-.2 
-.1 

Neg. 
Neg. 

+3,542 

t213 

+3,935 

-1,358 

+578 

+977 

0 
0 

0 

0 

+20 
+1 

+22 
-7 
+3 
+5 

2 
2 
5 

7 
3 
6 

4,099.0 

1,566.0 

3,765.0 

112.0 

577.0 

979.0 

23.3 
8.8 
21.5 

3.3 
5.6 

2,071 
1,382 
1,037 

524 
645 

0 
0 
0 

0 
0 

n 

11.7 

5.9 
.2 
3.0 
3.7 

244.0 
142.0 
126.0 
12.0 
39.0 
146.0 

1 

4 

8 
7 

2 

1,784.0 
42.0 

2,602.0 
60.0 
14.0 
188.0 

10.2 
.2 

.3 

4,099 
1,566 
3,765 

577 
979 

0 

0 
0 

23 
8 
21 

3 

5 

3 
8 

5 

3 

Subtotal  Ila.. 

3,415.0 

19.3 

-204 

0 

-1.3 

+7,887 

0 

-1-45 

1 

11,098.0 

63.1 

5,699 

0 

32.3 

7U9.0 

4 

0 

4,690.0 

26.8 

11,098 

0 

63 

1 

Subregion  lib: 

Louisiana 

Oklahoma 

Texas 

New  Mexico 

1,825.0 
33,370.0 

7,225.0 

66,924.0 

189.0 

2,721.0 

10.4 
190.5 

382.0 

1.1 
15.5 

+4 
+279 
-339 
+752 
-13 
+76 

0 
0 
0 
0 

Ne 

+1 

• 

6 
9 
3 

-1,439 
-29,214 
-5,486 
-58,248 
+606 
-886 

0 
0 
0 

0 

-166 
-31 

-332 
+3 
-5 

2 

8 

1 
6 

n 

390.0 
4,435.0 
1,400.0 
9,428.0 

782.0 
1,911.0 

2.2 

25.3 
7.9 
53.7 

10.9 

214 
461 
850 
895 
195 
1,677 

0 
0 

n 

1.2 
2.6 

5.1 
1.1 
9.5 

172.0 
343.0 
96.0 
2,566.0 
181.0 
137.0 

« 

0 

5 

8 

3,631.0 

454.0 

5,967.0 

406.0 
97.0 

Neg. 
20.8 

2.6 
34.2 

2.3 

390 
4,435 
1,400 
9,428 

782 
1,911 

0 
0 

0 

0 

2 

25 

7 
53 

10 

2 
3 
9 

7 

9 

Subtotal  lib.. 

112,254  0 

640.4 

+759 

0 

+4 

3 

-94^67 

0 

-540 

18.346.0 

104.4 

4,292 

0 

24.3 

3,495.0 

19 

- 

10,559.0 

60.5 

IS, 346 

" 

104 

167 

4 

Subtotal  II. 

115,669.0 

659.7 

. 

0 

+3 

- 

-495 

29,444.0 

: 

1 

' 

56.6 

4,204.0 

23 

15,249.0 

87.3 

'.'. 

5 

Region  III: 

Subregion  Ilia: 

Montana 

Idaho 

709.0 

1,342.0 
837.0 
609.0 

3,354.0 

4.0 

7.6 
4.7 
3.5 
19.2 

+50 

+5 

+9 

+6 

-163 

0 

0 
0 
0 

+.3 
Neg. 
Neg. 

-390 
+569 

-1,119 
+103 

t3,183 
-60 

0 
0 

0 
0 

-2 

+3 
-6 

+18 

2 
3 
3 
6 
1 
3 

369 
574 
227 
949 
3,798 
3,131 

0 

3.3 

1.3 
5.4 
21.6 
18.0 

227 
500 
179 
403 
947 
11 

0 
0 

0 

1.3 

2.9 
1.0 
2.3 
5.3 

21.0 
21.0 
27.0 
71.0 
162.0 
23.0 
9.0 

.1 
.1 
.2 

.9 
.1 

121.0 
53.0 
21.0 
475.0 
2,689.0 
3,097.0 
760.0 

.7 
.3 

2.7 
15.4 
17.8 

369 
574 
227 
949 
3,798 
3,131 
779 

0 
0 

0 
0 

0 

0 

3 

5 
21 
18 

3 

Colorado 

Washington 

Ne 

• 
9 

6 
0 
5 

Subtotal  Ilia. 

7,156.0 

40.7 

-167 

9 

+2,838 

0 

+  16 

4 

9,827 

0 

56.2 

13.0 

334.0 

1.8 

7.216.0 

41.4 

1 

0 

56 

2 

Subregion  Illb: 

25,917.0 

148.3 

-30 
-726 

0 
0 
0 

1 
1 

+1,204 

+664 

-4,007 

0 

0 

+7 
+3 

-22 

0 
8 

9 

1,174 
650 

0 
0 

n 

6.8 

3.7 

121.3 

12 

1 

158 

0 

(1 

Neg. 
.9 

19.0 
4.0 

660.0 

Neg. 
3.7 

1,143.0 

645.0 

20,366.0 

6.6 

3.7 

116.7 

650 
21,184 

0 
0 

0 

6 
3 

121 

California 

7 
3 

Subtotal  Illb. 

25,917.0 

148.3 

-770 

0 

-4 

4 

-2.139 

-12 

1 

23,008 

0 

131.8 

171 

0 

1.0 

683.0 

3.8 

22.154.0 

127.0 

| 

0 

131 

r 

Subregion  II Ic : 

305.0 

1.7 

0 

+991 

0 

+5 

-: 

1,280 

7.4 

10 

0 

1,270.0 
4.196.0 

7.3 
24.1 

1,280 
4,245 

0 

0 

24 

Hawaii 

4 

Subtotal  Illc. 

915.0 

5.2 

-35 

0 

? 

+4,645 

2< 

: 

5.525 

31.8 

0 

.3 

10.0 

1 

5.466.0 

31  A 

0 

31 

•5 

Subtotal  III 

33.988.0 

194.2 

-972 

0 

-5 

5 

+5,344 

0 

+31 

1 

38,360 

: 

219.8 

2,497 

0 

14.3 

1,027.0 

5.7 

34,836.0 

199. 8 

38.360 

0 

219 

- 

stocks  add 


supply  and  are  indicated  by 
,763.0  thousand  barrels;  72. 


Refiners'  outout 

Household   and 

Industrial 

Tranaoortatlon 

Electricity 

Total    domestic 

..„.!. 

Btu 

barrels 

lss 

Thousand 

Btu 

barrels 

i: 

lh..u:..n.d 

'Btu 

Thousand 

lE 

Thousand 
barrels 

barrel's"' 

Btu 

bTrelT 

!:...'. 

,'  ','■!,. 

United  States    total. 

;.,  j..i:  I  .i' 

776,061.0 

>(>;.> 

Florida 

Tennessee 

S3|396.0 

95.0 
357.0 

653.0 
1,938.0 

29,036.0 

311.0 

280.2 

3.6 

tl3.0 

t552.0 

+311.0 
+54.0 
+848.0 

+154.0 

+132.0 

+26.0 
+37.0 

9o.ii 

+  .3 
+4.9 

Neg. 

+  .5 

+5,929.0 
+4,331.0 

+16'o28.0 

+16^937.0 
+4,672.0 
+8,052.0 

+11,537.0 

-1.511.0 

+34.5 

135.1 
+93.5 

+27.3 
+46.9 

9,451 
4^44 

54)l89 
3^348 

2)797 

4)758 
8,279 

5)452 

1 

25.3 
332.4 

315.6 
317.1 

20.6 

48.3 
31.7 

7,734.0 
5,547.0 
3,982.0 
52,639.0 

38)558.0 

10,063.0 
2,282.0 
1,563.0 
3,757.0 
1,553.0 

209.0 

45.1 
32.3 

517.1 
261.3 

13.9 

3.7 
58.6 

290.0 

134.0 

5,522.0 

13.0 

398.0 
1,013.0 

1,159.0 

'457.0 
534.0 

2.278.0 

5.3 

5.5 

5.9 

183.0 
'388.0 
8)702.0 

3,731.0 
865.0 

4)130.0 
3)056.0 

6.9 

15.2 
2.3 

5.0 
37.8 

25.8 
15.7 

56.0 

3.0 
318.0 

375.0 

.3 

Keg. 
Keg 

95.0 

461.0 

,72.0 
1,603.0 

',73.0 

'256.0 

l,427)o 

'875.0 

.5 
.3 

10.3 

5.1 
5.7 

4)344 
57,075 
7,054 

54)467 

3,532 
,8,654 

17,091 
4,758 
8,279 

s)452 
7,063 

5,079 

J 

S3 

25 

332 

317 

48 

29 
160 

3 

3 

5 

451-3 

jo, I'M 

Michigan 

34,283.0 

47,544.0 

2":  9 

-393.0 
+350.0 

:l:l 

+is;49o3:o 

J;i 

30,915 

C 

"Sa 

145.3 

2,975.0 
3,146.0 
1,522.0 

572.0 

1)9 

3)311.0 

66.2 
,9.3 

376.0 

2'j 

l)597.0 

26,173 

I 

152 
180 

I 

■  ■■  .  .  1 

North    Dakota 

South   Dakota 

7,515.0 

5,931.0 

4.154.0 

43.8 
34.5 

™:l 

::i 

+11,353.0 

16,6.2 
164.5 
+45.7 
+5.9 

13)680 
5,136 

': 

30.0 
21.3 

571.0 

5.6 

3,239.0 
1,969.0 

11.5 
38.5 
5.3 

,96.0 
,46.0 

20.0 

" 

,)324.0 
629.0 

553.0 

3.7 
3.2 

3,749 

3.654 

I 

30 

0 

Subtotal    Ila.. 

"J      ' 

■ . '   .  1 . 

Subregion    lib: 

iSl 

Kit 

►36.0 
-1,755.0 

ii 

-!•!;; 

:|| 

2,737 

I 

ill 

'387.0 

"i 

4,338.11 

25.3 

26.0 
50.0 

136.0 

.3 

.3 
.2 

3,725.0 
673.0 

2,737 

2)784 

I 

3" 

3 

?„;,.,-7, 

",:ii.» 

-• 

:,  ,  ion    ill 

54.2 

17.5 

-195.0 

-.3 

-2,935.0 

ii 

4)752 
3,575 

3)725 

; 

20.8 

'340.0 
11,683.0 

6.5 
3.6 

792.0 
249.0 
182.0 
846.0 

1.3 

l)743.0 
2,988.0 

23.0 

„;8. 

834.0 
627.0 
593.0 
479.0 

3.7 
3.5 

4,813 
4,752 
3,575 

3)725 

I 

26 

. 

Wyuming 

Utah 

; 

- 

_jy_t 

Subregion    11  lb: 

'-l.l 

Neg. 

£:S?:S 

3,393 
2,736 

° 

itii 

647.0 

3.8 

672.0 
255.0 

!)582:"o 

10.3 

10)0 

,ee; 

242)0 

37.9 

3,393 
2,736 

0 

196 

7 

378.7 

-137.7 

ji*m 

..-i- 

Subregion    11 Ic : 

,56.0 

5.6 

-18.0 

-. 

12,7,6.0 

.15.6 

3,656 

21.1 

12.1 

2,4.0 

780.0 

4.5 

'»;• 

,., 

407!o 

;;; 

3,656 
1.512 

;; 

21 

, 

t;-^ 

Subtotal     III 

!.■;-; 

■    7717.  .7 

rr?T 

-    " 

- 

"t 

14,658.o|    85. 4 

__------ 

Suoolv 

lemand    b      ma  i     i       i  n -    se.  tor 

Stock    change' 

Net   shioments'' 

IvallablTfor 

"commercia?"" 

Industrial 

Transportation 

""ration* 

"'and'unac-"5 

demand 

l£ 

barrels 

'£ 

barrels 

Btu 

barrels 

'E 

barrels 

lJS 

barrels 

Trll- 

barrels 

Thousand 

,1. 

Tril- 

Srrets'' 

!",n" 

'„:; 

United  States   total. 

333,648.0 

586,404.0 

3,686.7 

114.884.0 

:■■■■.  -'■•■■ 

3,686.7 

Region   I: 

3,950.0 
13,128.0 
15,936.0 

2,128.0 

30.0 

2,577.0 

755.0 
205.0 

.3 

24.8 
82.5 
100.2 
13.4 

2.5 
1.3 

-45.0 
+196.0 
-56.0 

-3.0 

-309.0 

-.3 

+1.2 
-1.2 

+  .5 

Neg. 

-.3 

+977.0 

+16:837.0 
+99,654.0 
+29,490.0 
+27,557.0 
13,474.0 
+15,320.0 

+6,587.0 
+16,235.0 
+2,082.0 
+5,302.0 
+4,319.0 

+45:757.0 
-1,869.0 

+1,869.0 
+343.0 

272.3 
34.9 

103.3 

31.3 

56.1 
286.3 

322.0 
294.0 
545.0 

29.143.0 

4^35.0 
53,678.0 

4,345.0 

3:289.0 

324.0 
340.0 
505.0 
342.0 

337.4 

3.2 
27.3 

967.0 

9,'560.0 
15:668.0 
3:993.0 

3,212.0 

3:319.0 

5:771.0 

'482.0 
203.0 

15,565.0 

6,195.0 

4,387.0 

567.0 

560.0 
1,265.0 

4^77.0 
1,549.0 

Neg. 

2,703^0 

459.0 

179.0 
72.0 

32.0 
52.0 

23.0 
27.0 
132.0 
241.0 

795.0 
1,475.0 

105.0 
233.0 

.2 

1.5 
.3 
5.3 

.5 

6,446.0 

'952.0 
53,354.0 
6,319.0 
16,792.0 

15:502.0 
6,584.0 

4^01.0 
8,922.0 
45,533.0 

2,588.0 

New  Hampshire... 

+  106 

+173 
+21 

+13 
+33 

+57 
+287 

3 
3 

43^98 
5,546 
15,502 

16:434 

4^93 
4,201 
8,922 
45,533 

334 

s 

64 
98 

32 

20 

36 
53 
3 

9 
3 

3 

| 

I 

335.4 
39.7 
105.7 

650.1 
272.3 

103.3 
13.3 
31.3 

Rhode   Island 

Connecticut 

New  York 

Pennsylvania 

Delaware 

Columbia 

west  Virginia... 
North  Carolina.. 

3.6 

Neg. 

3.5 

28.8 
.3 

522;::::::: 

2'° 

whio'"'PPl 

■J 

3.3 

:    -.    '  ■•■ 

+2,229 

Uu'o'a 

22,347.0 

llflo 

".:5 

>l',lll:l 

iJS 

08 

%%l 

° 

1,318.0 

ail 

l:"-'o". 

36 

3 

562.0 

3-4.1 

I 

5 

1:1 

.3 

78.0 

.':! 

12,639.0 

79.5 

Subtotal    lb... 

Region  II: 

Subregion   11a: 

.,.,.., 

..    , 

__  _  '"      '. 

-*■ 

.     '.J; 

'- 

1  ,.       i..i 

"  1  ■  ■ 

- 

ii 

" 

: 

-?u^ 

291.7 

4,655.0 
1,058.0 

29.3 

-280.0 
-13.0 

-13.0 

-I:! 

,|| 

| 

J 

0 

V, 

'Is 

?:: 

l'"*:i 

3 
Neg 

3 

72.0 

Neg. 

298.0 

25.0 

-■ 

Is 

Neg! 

3.5 

5.3 
.3 

32 

- 

!■? 

14'815.0 

1,537.0 

93.1 

-518.0 

-3.3 

-6   5410 

o 

?'S 

° 

5.2 

§ 

s 

534.0 

3 

s 

'235.0 
35.0 

5 

1,252.0 

5.7 

1.34s. 0 

ii 

_:■: 

V.     -    - 

- 

«*« 

Region   III: 

::is:; 

1:1 

-.56.0 

-1.0 

-595.0 

1345." 

+782.0 
-392.0 

s:  502.1 

1,976.11 

13.6 

34.7 

y  7.1 
3,554.0 

22.3 

3 

5 

313.0 

53.0 

1,130.0 

1,390.0 

; 

3 

'■|S 

N+g. 

ill 

Washington 

33.0 

= 

2.523.0 

Subregion    lllb: 

:s:s 

J 

51.0 

3 

26    I 

:: 

,.:::; 

Neg 

k:8. 

.-" 

Neg. 
103.2 

Negl 

ss 

.3 

426^1       1    746:!l 

5 

-10.392.O1         -65 

Subregion   111c: 

j'.8 

-1.3 

,6,463:;:'         =40 

s.3i'o.i 

»:?|    l5?:! 

i.SS:S 

3.5 

1,151.1 

,-* 

-,:-.3. 

43. 11 
1.150.0 

' 

9.196.0 

Si 

Neg.  --Negligible. 

rsr ' 

329,727. 

"barre 

iX^r, 

s;!i 

dBtu'.'"'' 

stocks 

■•■ 

are   indi 

"  .■■".;■ 

APPENDIX 

"ABLE  A- 1 .  -  Outline  of  computational  procedures  and  source  data  for  supply  and  demand  sectors 

(The  references  in  this  table  are  to  Bureau  of  Mines'  publications,  especially  the  Minerals 

Yearbook  (MYB),  Volume  II  (Volume  I-II  after  1966);  and  to  a  series  of  periodic  reports, 

Mineral  Industry  Surveys  (MIS)) 


Item,  by  table  boxhead  | 

Computation 

References 

TABLES  1  AND  3 

Crude  oil : 

Reported  directly  from  available  State  data.... 

MYB 
MYB 

1961, 
1966, 

table  8, 
table  6, 

pp. 
PP- 

369- 
818- 

370. 

820. 

Difference  between  stock  on  hand  Jan.  1  and 
stock  on  hand  Dec.  31.   For  purposes  of  this 
study,  a  withdrawal  from  stock  is  regarded  as 
adding  to  the  supply  available  for  consump- 
tion; additions  to  stock  are  considered  to 
decrease  the  supply  available  for  consumption. 

MYB 
MYB 

1960, 
1965, 

table  36 
table  30 

P- 
P- 

407. 
391. 

Difference  between  total  supply  of  crude  oil 
available  for  consumption  (runs  to  stills)  and 
production  plus  or  minus*  stock  change  less 
losses  and  transfers  for  use  as  crude  oil. 

Net  foreign  trade 

Difference  between  imports  and  exports.   State 
data  included  in  net  shipments.   (Shown  in 
footnote  to  tables.) 

MYB 
MYB 

1960, 
1965, 

table  1, 
table  1, 

P- 
P- 

362. 
350. 

Losses  and  transfers 
for  use  as  crude. 

The  sum  of  the  following  items:   refinery  fuel 
use  and  losses,  available  by  State;  estimated 
State  breakdown  of  transfers  to  distillate  and 
residual  fuel  oil,  which  are  published  by 
refinery  district  and  U.S.  totals;  estimated 
State  breakdown  of  other  fuel  in  losses  shown 
in  supply  and  demand,  MYB  table. 

MYB 
P- 

MYB 
MYB 

P- 

MYB 

1960, 

446; 

1961, 

1965, 

428; 

1966, 

table  32 
table  65, 

table  57 

table  17 
table  57, 

table  4, 

P 

P- 

P 
P 
P- 
P- 

400; 
451. 

431. 

378; 
431. 
816. 

table  61, 
table  54, 

Runs  to  stills: 

Total  supply  of  crude 
oil. 

Total  crude  runs  to  stills  published  by  major 
States.   Breakdown  of  combined  States 
estimated. 

MYB 
MYB 

1960, 
1965, 

table  32 
table  17 

P 
P 

400. 
378. 

Transfers  in  of  natu- 
ral gas  liquids 
(component  of  runs  to 
stills). 

Refinery  district  and  U.S.  total  data  avail- 
able.  State  breakdown  estimated. 

MYB 
MYB 

1960, 
1965, 

table  46 
table  42 

P 
P 

442. 
412. 

Total  refinery  output.. 

Sums  of  total  supply  of  crude  oil  plus  trans- 
fers in  of  natural  gas  liquids. 

Unfinished  oils,  net... 

Refinery  district  and  U.S.  total  data  avail- 
able.  State  breakdown  estimated. 

MYB 
MYB 

1960, 
1965, 

table  46 
table  42 

P 
P 

423. 
412. 

Overage  or  loss 

Refinery  district  and  U.S.  total  data  avail- 
able.  State  breakdown  estimated. 

MYB 
MYB 

1960, 
1965, 

table  46 
table  42 

P 
P 

423. 
412. 

Refined  products: 

Total  supply  of  refined 
products. 

Refinery  output,  plus  unfinished  oils,  net, 
plus  or  minus  overage  or  loss. 

Stock  change 

Sum  of  stock  changes  of  six  major  products  com- 
puted for  tables  5-10  for  1960,  tables  11-16 
for  1965- -includes  an  unaccounted  for  item  to 
add  to  published  national  total. 

Transfers  in  of  natu- 
ral gas  liquids  (com- 
ponent available  to 
consumer) . 

Total  U.S.  shipments  of  natural  gas  liquids 
less  deliveries  to  refineries.   No  data  on 
shipments  by  States  are  available.   State  fig- 
ures were  estimated. 

MYB 
P- 

MYB 

1960, 

345. 

1965, 

table  6, 
table  1, 

P- 
P- 

344; 
324. 

table  7, 

TABLE  A-l.  -  Outline  of  computational  procedures  and  source  data  for  supply  and  demand  sectors—Continued 


Item,  by  table  boxhead  1 
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TABLES  1  AND  3- -Continued 


Refined  products-- (Con. ) 
Net  shipments  (U.S. 
total  is  the  same  as 
net  foreign  trade). 


Net  foreign  trade. 


Losses,  gains,  and 
unaccounted  for. 


Total  supply  available 
for  consumption. 


State  figures  are  the  sum  of  net  shipments  of 
six  major  products  computed  for  tables  5-10 
for  1960,  tables  11-16  for  1965.   An  unac- 
counted for  item  is  shown  to  balance  the 
national  total. 

Difference  between  imports  and  exports.   State 
data  included  in  net  shipments.   (Shown  in 
footnote  to  tables) 


A  balancing  item  published  in  the  national 
totals  of  unknown  distribution. 

Total  supply  of  refined  products  plus  or  minus 
stock  change  (including  natural  gas  liquids) 
plus  or  minus  net  shipments  equals  total 
supply  available  for  consumption. 


MYB  1961,  table  1,  p.  358. 
MYB  1965,  table  1,  p.  350. 


IC  8384,  table  5, 


TABLES  2  AND  4 


Major  products. 


Miscellaneous  products 
unaccounted  for. 


Apparent  total  domestic 
demand. 


The  major  petroleum  products  account  for  88 
percent  of  the  apparent  total  domestic  demand. 

This  column  is  needed  to  account  for  the  addi- 
tional 12  percent  of  demand.   It  is  the  dif- 
ference between  the  sum  of  the  major  products 
totals  (tables  5-10  for  1960,  and  11-16  for 
1965)  and  the  "Total  supply  available  for  con- 
sumption" of  tables  1  (1960)  and  3  (1965). 


The  sum  of  the  major  products  total  and 
laneous  products  unaccounted  for. 


liscel- 


Tables   5-16   of   this    I.C. 


TABLES   5  THROUGH   16 


Supply: 

Refinery  output. 


Stock  change. 


Net  shipments. 


Net  foreign  trade. 


Input  at  refineries. 


Refinery  output  data  by  product  is  published. 
State  breakdown  is  estimated.   Note:   Tables  5 
and  11  also  include  liquefied  gases  produced 
at  natural  gas  processing  plants. 

Difference  between  refinery  stock  on  hand 
Jan.  1  and  stock  on  hand  Dec.  31  for  each 
product.   Published  by  district  for  each  prod- 
uct.  State  breakdown  estimated  with  the 
exception  of  liquefied  petroleum  gases.   Bulk 
terminal  stock  by  State  estimated. 


Difference  between  refinery  output  plus  or 
minus  stock  change  and  total  supply  available 
for  consumption.   In  the  case  of  tables  5  and 
11,  input  at  refineries  also  are  involved. 

Discrepancy  of  supply-demand  data  results  in 
tables  6,  10,  and  14  having  net  foreign  trade 
figures  in  excess  of  the  net  shipments 
figures.   These  figures  are  shown  in  footnotes 
and  do  not  add  to  total  supply. 


Special  category  (tables  5  and  11)  of  liquefied 
gases  (estimated)  to  eliminate  duplication  of 
LPG-runs  to  stills. 
See  footnotes  at  end  of  table. 
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446;  table  65,  p.  451; 

table  71, 

P- 
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P- 

428;  table  57,  p.  431; 
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433. 

MIS 
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MIS 
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MIS 
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TABLES  5  THROUGH  16 --Cont inued 


Supply--(Con.) : 

Total  supply  available 
for  consumption. 

This  column  equates  to  the  total  domestic 
demand  column. 

Demand  by  major  consum- 
ing sector: 
Household  and 
commercial . 

Liquefied  gases:   Domestic  and  commerical. 

Kerosine:   Range  oil. 

Distillate  fuel  oil:   Range  oil  and  heating 

oil--distillate. 
Residual  fuel  oil:   Used  as  heating  oil. 

MIS  MMS  3297,  1960,  p.  3. 

MIS,  Ship.-LPG  and  E-1965,  p.  4.1 

MIS  MMS  3214,  1960,  pp.  5-7. 

MIS,  Ship.-FO  and  K-1965,  pp.  4-6. 2 

Liquefied  gases:   Industrial,  refinery  fuel, 
gas  manufacturing,  and  chemical  use. 

Kerosine:   Tractor  fuel  and  other  uses. 

Distillate  fuel  oil:   Industrial  (excluding  oil 
company  fuel)  plus  oil  company  fuel. 

MIS  MMS  3297,  1960,  pp.  3-4. 
MIS,  Ship.-LPG  and  E-1965,  pp.  4,  10. 2 
MIS  MMS  3284,  1960,  pp.  4,  6,  8,  10. 
MIS,  Ship.-FO  and  K-1965, 
pp.  4,  7,  8.2 

Liquefied  petroleum  gas:   Internal  combustion. 

Jet  fuel:   Demand  for  jet  fuel. 

Gasoline:   Total  consumption  (adjusted). 

Kerosine:   Commercial  jet  fuel. 

Distillate  fuel  oil:   Miscellaneous  uses-- 
diesel  on  highways,  military  vessels  bunker- 
ing, and  railroads. 

Residual  fuel:   Military  use,  vessel  bunkering, 
and  railroads. 

MIS  MMS  3297,  1960,  p.  3. 

MIS,  Ship.-LPG  and  E-1965,  p.  4.2 

MIS  MMS  3284,  1960,  pp.  4,  12-15. 

MIS,  Sales-FO  and  K-1965,  p.  4,  10-13.' 

MYB  1960,  table  52,  p.  433. 

MYB  1965,  table  48,  p.  420. 

Electricity  generation, 
utilities. 

Distillate  fuel  oil. 
Residual  fuel  oil. 

MIS  MMS  3284,  1960,  p.  11. 

MIS,  Ship.-FO  and  K-1965,  p.  9.4 

Miscellaneous  and 
unaccounted  for. 

Liquefied  petroleum  gas:   all  other. 
Distillate  fuel  oil. 
Residual  fuel  oil. 

MIS  MMS  3297,  1960,  p.  4. 

MIS,  Ship.-LPG  and  E-1965,  p.  4.E 

MIS  MMS  3284,  1960,  p.  15. 

MIS,  Ship.-FO  and  K-1965,  p.  13. 4 

Total  domestic  demand.. 

Sum  of  Household  and  commercial,  Industrial, 
Transportation,  Electricity  generation, 
utilities.  Miscellaneous  and  unaccounted  for. 

Morrison,  Warren  E.,  and  Charles  L.  Readling.   An  Energy  Model  for  the  United  States,  Featuring  Energy  Bal- 
ances for  the  Years  1947  to  1965  and  Projections  and  Forecasts  to  the  Years  1980  and  2000.   BuMines  Inf. 
Circ.  8384,  July  1968,  127  pp. 
Shipments  of  Liquefied  Petroleum  Gases  and  Ethane  in  1965,  Annual. 
3Sales  of  Fuel  Oil  and  Kerosine  in  1965,  Annual. 
4Shipments  of  Fuel  Oil  and  Kerosine  in  1965,  Annual. 
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PREPARATION  OF  ANHYDROUS  ALUMINUM  CHLORIDE 

by 

Robert  L.  de  Beauchamp  1 


ABSTRACT 

The  Bureau  of  Mines  reviewed  aluminum  chloride  technology  to  determine 
the  problems  associated  with  its  preparation  from  minerals ,  and  to  ascertain 
the  best  areas  for  research  to  solve  these  problems.   Commercial  A1C1   produc- 
tion processes  are  described  and  the  "state  of  the  art"  for  the  preparation  of 
A1C13  from  aluminous  materials  is  evaluated.  Areas  for  further  research  are 
indicated. 

INTRODUCTION 

The  Bureau  of  Mines'  aluminum  program  includes  the  investigation  of 
alternate  processes  of  producing  aluminum  from  ores.   The  electrowinning  of 
aluminum  by  the  electrolysis  of  aluminum  chloride  (A1C13)  in  molten  salt 
electrolytes  (41)3  has  been  proposed  as  a  possible  alternate  to  the  Bayer- 
Hall  process  for  producing  aluminum. 

One  phase  of  this  investigation  was  to  survey  and  evaluate  previous 
research  on  the  preparation  of  anhydrous  A1C13 ,  to  determine  the  problems 
associated  with  its  preparation  from  minerals,  and  to  ascertain  the  best 
areas  for  research  to  solve  these  problems.   To  accomplish  this,  a  survey 
of  the  technical  literature  was  made  and  a  bibliography  compiled  of  journal 
references  and  both  domestic  and  foreign  patents  relating  to  the  preparation 
of  A1C1„ .   In  addition,  visits  were  made  to  three  commercial  manufacturers  of 


but  has  been  known  and  practiced  for  at  least  140  years.   The  history  of  the 
preparation  of  A1C13  has  been  thoroughly  and  adequately  covered  by  both 
Ralston  (38)  and  Thomas  (47). 


1  Research  chemist,  Boulder  City  Metallurgy  Research  Laboratory.   Bureau  of 

Mines,  Boulder  City,  Nev. 
2 Underlined  numbers  in  parentheses  refer  to  items  in  the  list  of  references 

at  the  end  of  this  report. 


The  total  U.S.  production  of  anhydrous  A1C13  for  1966  was  only  about 
35,000  tons.   Economics  in  this  country  favor  the  preparation  of  A1C13 
from  scrap  metal  rather  than  from  aluminum  oxide  (Ala03)  materials  because 
plant  investment  and  operating  costs  are  much  lower  for  using  scrap.   A 
larger  annual  production  of  A1C13  would  be  needed  for  the  difference  in  raw 
material  costs  to  offset  the  higher  plant  investment  and  operating  costs  of 
the  A1203  process. 

The  use  of  oxide  materials  is  more  prevalent  in  Europe  because  of  lower 
labor  costs,  unavailability  of  aluminum  scrap,  or  in  some  cases,  a  desire  to 
utilize  domestic  ores. 

COMMERCIAL  A1C13  PROCESSES 

A1C1„  From  Aluminum  Metal 

J  

The  preparation  of  A1C13   by  the   chlorination  of   scrap  aluminum  metal   is 
accomplished   in  a   relatively  simple  apparatus    (fig.    1).      The  reactor  consists 
of  a   bathtub-like   structure  made  of   sheet   steel  with  a  high-alumina   ceramic 
lining   to  protect  the  steel.      The  reactor-tub  is   divided  across   the  middle  by 
a   ceramic   bridge  which   separates    the   feed   compartment   from   the   reaction 


Vapor 
Shaft 


AICI3 

condenser 


Ceramic 
bridge 


Fume 
hood 


Reactor 


^ 


0     Conveyor  belt  to  sizing  equipment 


3 


■Chlorine 


FIGURE    1.  -  Schematic  Drawing  of  Apparatus  for  Preparing  AICI3  From  Aluminum  Metal. 


compartment.   In  starting,  molten  aluminum  is  poured  into  the  reactor  until 
the  level  of  the  molten  metal  is  above  the  bottom  of  the  bridge.   Chlorine  gas 
is  introduced  through  nickel  pipes  that  pass  through  the  bottom  or  lower  sides 
of  the  reaction  compartment  into  the  molten  aluminum.   The  top  of  the  reaction 
compartment  is  enclosed  by  a  ceramic-lined  metal  shaft  that  carries  off  the 
A1C1„  vapor  which  is  prevented  from  passing  into  the  feed  compartment  by  the 
bridge.  The  A1C13  vapor  is  conducted  to  a  rectangular  sheet  steel  condensing 
bin  where  it  deposits  on  the  walls  which  are  air-cooled.  At  intervals  the 
sides  of  the  condenser  are  jarred  with  hammers  to  knock  down  the  deposits  into 
the  funnel-shaped  bottom  where  they  are  conveyed  to  sizing  and  packaging 
equipment. 

The  reactor  temperature  is  controlled  by  water-cooling  the  sides  of  the 
reactor,  by  regulating  the  chlorine  feed  rate,  or  by  making  small  additions  of 
copper  or  magnesium,  to  lower  the  melting  point  of  the  aluminum  metal.   Ingots 
of  feed  aluminum  are  preheated  and  are  then  submerged  gently  in  the  molten 
metal.   The  heat  of  reaction  provides  all  of  the  heat  necessary  to  keep  the 
bath  molten  and  to  melt  fresh  feed  as  it  is  used  up. 


or  grey  (contains  condensed  aluminum  vapor).   The  purity  of  the  product  is 
controlled  by  the  purity  of  the  feed  material.   Small  amounts  of  iron  are 
usually  present  due  to  corrosion  of  the  equipment.   Large  amounts  (over  1 
percent)  show  up  as  an  orange -colored  product. 


the  past  10  years ,  have  been  reported  in  journal  and  patent  literature  of  the 
United  States  (12)  ,  Great  Britain  (21)  ,  West  Germany  (22)  ,  the  U.S.S.R.  (8_, 
20 ,  36) ,  Rumania  (13)  ,  and  India  (3 ,  39) . 

At  least  two  of  these  processes  were  used  commercially  and  are  described 
as  follows : 

Gulf  Process 


tradename  Alchlor)  primarily  for  captive  use  in  petroleum  refining  and  discon- 
tinued its  manufacture  in  1960  when  better  catalysts  were  developed,  particu- 
larly for  use  in  manufacturing  lubricating  oils. 

The  basic  process  for  manufacturing  A1C13  consisted  of  the  following 
steps: 

1.  Bauxite  and  coke  were  ground,  mixed,  and  calcined  in  a  rotary  kiln 
at  830°  to  870°  C  to  remove  free  and  combined  water  and  to  fully  carbonize 
the  coke. 

2.  The  hot  calcine  was  stored  in  a  hot  bin  and  fed  intermittently  at 
4-hour  intervals  to  the  reaction  retorts. 


3.  A  mixture  of  chlorine  and  oxygen  was  fed  continuously  to  the  bottom 
of  the  retorts,  except  when  charging.   The  gas  feed  rate  was  regulated  so 

vapor . 

4.  The  A1C13  vapor  from  the  top  of  the  reactor  was  led  to  a  condenser 
where  it  deposited  on  the  walls  and  was  continuously  scraped  off  into  barrels. 

Process  Improvements 

Over  the  40 -year  period  of  operation  many  improvements  in  the  process 
were  made  and  many  patents  filed  on  them.   Some  of  the  variations  and  improve- 
ments to  the  various  parts  of  the  process  are  described  as  follows: 

1.  Feed  Preparation.   The  bauxite  used  contained  about  2  to  3  percent 
free  moisture  and  about  30  percent  combined  water.   Calcination  of  the  bauxite 
to  remove  moisture  prior  to  chlorination  was  done  both  separately  and  combined 
with  carbonaceous  materials  (coke,  coal,  asphalt,  etc.).   The  calcination  tem- 
perature was  held  to  770°  C  in  order  to  obtain  maximum  chlorine  reactivity  of 
the  feed.   Calcination  at  higher  temperatures  resulted  in  converting  the  alu- 
mina in  the  bauxite  to  a-Al203  which  is  less  reactive  to  chlorine.   The  rotary 
gas -fired  kiln  used  was  of  brick-lined  steel  6  feet  0D  by  60  feet  long,  and 
revolved  at  1  rpm. 

Earlier  practice  required  mixing  calcined  bauxite,  coke,  and  wax  tailings, 
pressing  the  mixture  into  briquets,  and  roasting  the  briquets.   Briquetting 
was  later  discarded. 

2.  Reactor  Design.  Many  reactor  designs  were  tried  and  discarded. 
Early  reactors  used  a  vertical  shaft  furnace  with  concurrent  flow  (gas  flow 
and  feed  from  top  to  bottom,  product  vapor  discharged  at  bottom).   One  reactor 
was  operated  at  15  to  30  psi  so  that  the  product  vapor  could  be  cooled  and  a 
liquid  A1C13  product  tapped  off.  A  shelf -type  shaft  furnace  was  devised  with 
feed  flow  downward  and  gas  flow  upward.   The  final  design  was  a  cylindrical 
shaft  furnace  with  a  conical  taper  at  both  top  and  bottom.   The  flow  was 
countercurrent  (feed  downward ,  gases  upward)  and  the  product  vapor  was  con- 
ducted first  to  a  cooler  and  then  to  condensers. 

One  of  the  main  problems  encountered  with  the  reactors  was  the  rapid  ero- 
sion of  the  furnace  lining  by  the  reaction  gases  at  high  temperatures.  Many 
methods  were  tried  to  slow  the  erosive  action  such  as  cooling  the  shaft  walls 
and  grading  the  feed  bed  so  that  the  reaction  occurred  at  the  more  permeable 
bed  center  and  as  far  from  the  walls  as  possible.   The  walls  of  the  reactor 
were  made  mainly  of  firebrick. 

A  cooler  made  of  steel  with  a  brick  lining  was  air-cooled  and  placed 
between  the  reactor  and  condenser  in  order  to  lower  the  product  vapor  tempera- 
ture from  870°  to  650°  C.   The  condenser  was  made  of  two  vertical  water- 
jacketed  6-inch  steel  pipes.   Each  pipe  had  an  internal  scraper  mechanism 


Aluminum  Chloride  Product 


No  provision  was  made  for  product  purification.  An  average  analysis  of 
the  product  was  as  follows,  in  percent:  A1C13  -  95.0,  AI3O3  -  2.21,  FeCl3  - 


1.34,  TiCL 


0.88 


The  net  cost  for  producing  32,000  pounds  per  day  in  1958  (last  full  year 
of  normal  production)  was  11.44  cents  per  pound. 

Table  1  shows  the  long-time  average  raw  material  charge  used  in  producing 
Alchlor  in  comparison  with  the  theoretical  charges.  Table  2  shows  the  operat- 
ing costs.   The  labor  force  included  33  skilled  and  25  unskilled  men. 


TABLE  1 


Long-time  average  raw  material  charge  in  comparison 
~     with  the  theoretical  charges ,  pounds1 


Raw  material 

Actual 

Theoretical 

0.71 

.39 

1.01 

.14 

0.64 

Petroleum  coke  to  kiln 

.20 

Chlorine  to  retorts 

.75 

Oxygen  to  retorts 

.14 

To  produce  1  pound  of  Alchlor 


TABLE 


2 .  -  Operating  costs  ,  cents  per  pound  Alchlor 


Supervision  and  operating  labor 

Maintenance : 

Labor 

Material 

Fuel  (for  tail  gas  incinerator  and  kiln) 

Power  (2.5  kwhr/lb  Alchlor) 

Steam  (2  lb/lb  Alchlor) 

Salt 

Bauxite 

Coke 

Miscellaneous 


Total 

Credit  for  caustic  (2.87  cents /lb) 
Net  cost 


4.25 


3.61 

1.55 

.14 

1.90 

.77 

.45 

1.04 

.23 

.86 

14.80 

3.36 

11.44 


'Badische  Anilin  und  Soda  Fabrik"  Process 


This  process,  described  by  Hille  and  Durrwachter  (22),  involved  manufac- 
ture of  A1C13  from  both  bauxite  and  Bayer  alumina. 

The  chlorination  of  bauxite  was  accomplished  in  a  shaft  furnace  according 
to  the  method  of  Carl  Wurster  (53) .   Carbon  monoxide  and  chlorine  were  heated 
to  the  reactor  temperature  (900°  C)  in  a  beechwood  charcoal  contactor  which 
partially  converted  the  gases  to  phosgene.   The  hot  gases  were  passed  through 


the  bauxite  inside  the  reactor  that  converted  the  Ala03  to  A1C13 .   The  heats 
of  reaction  shown  in  the  following  equations  were  sufficient  to  sustain  the 
reaction  when  the  reactor  was  the  proper  size  and  properly  insulated: 

3  CO  +  3  Cl3  7*   3  C0C12 


AH^o    c    =   -75.75  Kcal 

(1) 

Al^go   c    =   -80.68  Kcal 

(2) 

AH^gO   c    =   -156.43   Kcal 

(3) 

The  iron,  alkali,  and  alkaline  earth  metals  present  in  bauxites  aided  the 
chlorination  by  acting  as  catalysts.   Part  of  the  impurities  in  the  bauxite 
carried  over  into  the  product  as  volatile  chlorides  and  required  a  purifica- 
tion step  in  order  to  obtain  a  pure  product. 

The  chlorination  of  y-Al203  was  accomplished  in  a  fluosolids  reactor 
using  a  mixture  of  CO  and  chlorine  passed  through  a  beechwood -charcoal  con- 
tactor to  form  phosgene  (400°  C) „   The  three-phase  fluidized  bed  operating  at 
600°  C  consisted  of  alumina,  gas,  and  finely  dispersed  NaAlCl4  catalyst  added 
to  the  bed.  A  pumice  filter,  located  above  the  reactor,  trapped  the  NaAlCl4 
in  the  product  vapor  and  returned  it  to  the  reactor  by  gravity  flow.   The 
vapor  was  cooled  in  a  condenser  from  which  the  crystallized  product  was 
collected  into  drums. 

At  a  ratio  of  110  g  of  NaAlCl4  per  100  g  of  y-A1203  ,  a  maximum  catalytic 
effect  was  obtained.   The  use  of  this  catalyst  caused  a  sharp  reactivity 
increase  between  400°  and  500°  C,  but  the  reactivity  remained  constant  between 
550°  and  900°  C. 

To  obtain  optimum  chlorination  of  the  A1203, careful  control  of  the  feed 
material  preparation  was  necessary.   Precipitation  of  the  Bayer  alumina 
hydrate  and  calcination  of  the  hydrate  (at  1,000°  C)  were  the  two  main  areas 
of  control  necessary  for  obtaining  the  required  y-3^1-1111!03  quality. 

EVALUATION  OF  THE  OXIDE  PROCESS 

Raw  Materials 

The  raw  materials  that  may  be  used  for  the  preparation  of  A1C13  include 
bauxite,  clays,  shale,  anorthosite,  coal  ash,  and  many  other  aluminum- 
containing  materials.   Pure  Bayer  process  A1203  may  also  be  used  if  its 
higher  cost  can  be  justified  by  processing  costs  sufficiently  lower  than 
those  incurred  with  the  impure  feed  materials.   Bauxite  or  clays  are  the  most 
logical  choices  because  of  their  higher  A1203  contents  and  the  large  reserves 
of  these  materials  available.   Iron  is  the  impurity  most  deleterious  to  the 
process  since  it  uses  up  chlorine  and  is  difficult  to  remove  from  the  product. 
Other  chlorine -consuming  impurities  encountered  are  silicon,  titanium,  manga- 
nese, magnesium,  and  calcium. 


Dehydration  of  Aluminous  Materials 

Prior  to  chlorination,  aluminous  materials,  which  may  contain  up  to  35 
percent  free  and  combined  water  in  the  case  of  bauxite,  must  be  calcined  to 
remove  their  moisture.  Any  moisture  left  in  the  feed  material  would  carry 
over  with  the  product  and  degrade  it.   If  all  the  water  is  removed  by  calcin- 
ing at  1,200°  C,  the  A1203  is  converted  to  a-Al203  ,  which  is  more  resistant 

dehydrated  at  lower  temperatures . 

Thermal  decomposition  of  the  monohydrates  and  trihydrates  of  A1203 
between  200°  and  1,100°  C  forms  a  number  of  metastable  aluminas  which  retain 
between  0  and  0.5  mole  of  water  per  mole  of  A1203.   The  older  terminology 
referred  to  these  as  "Y-alumina,"  whereas  today  they  are  referred  to  as 
"transition  aluminas."  Recent  investigators  (46)  have  identified  seven  tran- 
sition aluminas  (six  of  them  crystalline)  and  labeled  them  "p-,  ■%- ,   v~»  Y-» 
K- }    9-,  and  6 -aluminas." 

When  the  a-  and  P-aluminum  trihydrates  are  dehydrated  in  air  at  300°  to 
400°  C,  X  and  T]  forms  are  obtained  which  have  a  surface  area  of  400  to  500 
m2/g,  mainly  localized  in  pores  with  a  diameter  of  less  than  40  A.   The  X- 
and  Tl-aluminas  are  the  essential  constituents  of  activated  aluminas  (26). 
The  specific  surface  areas  of  the  X-,  T|-,  and  y -aluminas  decrease  progres- 
sively as  the  temperature  of  the  treatment  increases;  the  K- ,     Q_,  and 
6 -aluminas  that  are  subsequently  obtained  have  surfaces  not  exceeding  some 
tens  of  square  meters  per  gram. 

It  is  suspected  that  the  ease  of  chlorination  of  the  different  transition 
aluminas  is  proportional  to  their  surface  area  and  to  some  extent  their  pore 
size.   One  would  expect  the  "activated  aluminas"  to  be  the  most  easily 
chlorinated. 

Much  of  the  technology  concerning  the  calcination  of  aluminous  materials 
prior  to  chlorination  was  developed  over  the  years  by  empirical  methods. 
Since  aluminous  ores  vary  considerably  in  their  composition  and  frequently 
carbonaceous  reductants  were  mixed  with  the  ores  during  calcination,  the 
results  obtained  by  different  investigators  did  not  always  agree.   Detailed 
mineral,  chemical,  and  physical  identification  of  the  starting  materials  and 
of  the  calcine  were  seldom  reported  by  the  investigators.   Most  descriptions 
were  given  only  in  very  general  terms.   Some  examples  follow: 

1.  Adadurov  (1)  reported  that  the  best  temperature  for  calcining  clay 
(percentages  of  Fe203  and  kaolinite  given)  is  about  600°  to  750°  C.  At  this 
temperature  there  is  formed  at  a  commercially  satisfactory  rate  kaolinite 
anhydride,  2  Si0s *A1203 .  At  900°  C,  the  free  oxides,  2  Si02  and  A1203,  are 
formed,  while  at  1,000°  C,  sillimanite  (Al203«Si0s)  is  formed;  these  are 
chlorinated  with  difficulty  and  lower  the  yield. 


2.  McAfee  (35_)  in  a  patent  states: 

.  .  .  crude  bauxite  is  dehydrated  in  a  rotating  kiln  at  a  tempera- 
ture of  about  1,800°  F  (980°  C) .   No  preliminary  processing  of  the 
crude  bauxite  is  required  beyond  crushing  such  lumps  as  may  be  pres- 
ent to  a  size  which  will  permit  ready  calcination.   It  is  difficult 
to  calcine  bauxite  in  a  rotating  kiln  in  lumps  larger  than  one -inch 
cross -section. 

3.  Culberson  (12)  in  a  patent  states: 

Bauxite  of  the  analysis  given  in  our  first  specific  example,  when 
calcined  at  a  maximum  temperature  of  1,600°  F  (870°  C)  had  a  pore 
surface  area  of  121  square  meters  per  gram. 

Aggregate  prepared  by  the  process  described  and  claimed  herein 
(coking  bauxite  with  asphalt),  and  carbonized  at  1,600°  F  (870°  C) 
had  a  pore  surface  area  of  206  square  meters  per  gram.   This  pore 
surface  area  is  70  percent  greater  than  that  of  bauxite  calcined 
alone . 

The  Culberson  patent  gave  more  specific  information  on  the  raw  and  cal- 
cined feed  material  than  found  in  any  other  reference.  Another  example  from 
the  same  patent  is  as  follows: 

.  .  .  identical  samples  of  our  aggregates  (coked  bauxite)  were 
maintained  for  a  period  of  16  hours  in  an  atmosphere  of  nitrogen  at 
temperatures  of  1,550°  F  (842°  C) ,  1,800°  F  (980°  C) ,  2,100°  F 
(1,148°  C),  and  2,400°  F  (1,315°  C) .   X-ray  diffraction  patterns  of 
these  samples  indicated  the  presence  of  only  alpha  A1203  in  the 
samples  which  had  been  maintained  at  2,100°  F  (1,148°  C)  and  at 
2,400°  F  (1,315°  C).   The  sample  maintained  at  1,800°  F  (980°  C) 
comprised  alpha  A1203  and  some  transition  form  of  A1203  between  the 
gamma  and  alpha  forms.   The  sample  of  A1203  heated  at  1,550°  F 
(842°  C)  was  principally  of  the  gamma  and  chi  forms.   The  alpha 
form  of  alumina  is  of  very  low  reactivity,  and  the  reactivity 
increases  sharply  through  the  gamma  and  chi  forms . 


Chlorination 


Temperatures 


Most  chlorination  of  aluminous  materials  has  been  done  with  chlorine 
Hydrogen  chloride  will  chlorinate  alumina  at  about  1,200°  CJ  however,  the 
reaction  does  not  go  to  completion  because  the  byproduct  water  vapor 
hydrolyzes  some  of  the  A1C13  back  to  Al203  until  an  equilibrium  is 
established  (47). 


The  addition  of  carbon  to  the  Al203  accelerates  its  reaction  with  HC1  by 
combining  with  the  oxygen  and  preventing  the  formation  of  water  vapor.   With 
carbon,  a  35 -percent  conversion  of  the  alumina  with  HC1  will  occur  at  1,000°  C 
in  1  hour  at  an  HC1  velocity  of  11.5  liters  per  hour. 

According  to  Spitzin  and  Gwosdewa  (42)  a  mixture  of  HCl  and  chlorine  is 
more  efficient  for  the  production  of  A1C13  from  clay  or  A1203  than  either  gas 
alone.   Chlorine  and  HCl  mixtures  react  appreciably  with  alumina -carbon  mix- 
tures at  500°  C  and  yields  are  excellent  in  the  range  500°  to  600°  C.   Chlo- 
rine, carbon,  and  Al203  react  appreciably  at  800°  to  900°  C,  whereas  HCl, 
carbon,  and  alumina  require  1,000°  C. 
without  a  reductant  is  negligible  until  about  1,200°  C. 

Of  the  impurities  commonly  associated  with  aluminous  materials,  Fe203 
chlorinates  at  600°  C  without  carbon,  and  at  200°  C  with  carbon  (54).   Without 
carbon  Si02  chlorinates  at  1,200°  C  (42) ;  however,  with  carbon  the  reaction 
begins  at  600°  C  and  is  accelerated  at  about  800°  C  (43) . 

Reductants 

The  carbon  reductant  can  be  added  to  the  chlorination  reaction  in  several 
ways.   Calcined  ore,  coke,  and  a  binder  (asphalt  or  wax  tailings)  can  be  made 
into  briquets,  coked,  and  chlorinated  (34).   This  method  provided  a  porous 
material  that  chlorinates  easily.  A  method  requiring  less  labor  would  be  to 
calcine  ground  ore  and  coke  and  feed  them  hot  into  the  reactor  for  chlorina- 
tion (32)  . 

Another  means  of  providing  a  reductant  is  to  use  CO  along  with  the  chlo- 
rine. Passing  these  gases  through  an  activated  charcoal  contactor  at  125°  to 
150°  C  converts  them  to  phosgene.  Chlorination  with  C0C12  is  more  rapid  than 
with  mixtures  of  CO  and  chlorine  (48) .  The  reaction  of  CO  with  Cl2  liberates 
75.75  kcal/mole  of  reactants  which  helps  to  make  the  chlorination  of  bauxite 
or  alumina  self-sustaining  in  respect  to  reaction  temperature. 

Some  processes  (32)  add  air,  oxygen,  or  air-oxygen  mixtures  to  the  reacting 
gases  in  order  to  form  CO  or  C0S  with  coke  in  the  charge.  This  provides  addi- 
tional reaction  heat  with  which  to  maintain  the  operating  temperature. 

Catalysts 

Certain  impurities  in  the  aluminous  ores  such  as  sodium  or  potassium 
salts  (2_,  40)  act  as  catalysts  in  the  chlorination  reaction.   When  using  a 
pure  alumina  feed,  addition  of  molten  NaAlCl4  to  the  reactants  will  increase 

Reactor  Design 

The  three  main  types  of  reactors  that  appear  applicable  to  the  manufac- 
ture of  A1C13  from  aluminous  materials  are  the  shaft  furnace,  the  fluosolids 
reactor,  and  the  horizontal  rotary  kiln.   The  shaft  furnace  would  be  best  with 
ores  using  either  gaseous  or  solid  reductants.   The  fluid  bed  reactor  has  been 
used  successfully  with  a  carefully  prepared  and  graded  y-alumina*  Milled  ores 
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would  probably  be  too  variable  in  their  physical  properties  to  be  used  success- 
fully in  the  fluid -bed  reactor;  however,  only  actual  practice  could  determine 
this  conclusively.   The  horizontal  rotary  kiln  has  many  favorable  characteris- 
tics, but  the  combination  of  abrasion  with  the  highly  corrosive  gases  (chlorine 
plus  reductant)  would  probably  require  too  frequent  replacement  of  the  kiln 
lining  and  the  shell  itself. 

Many  designs  and  configurations  of  shaft  furnaces  have  been  tried  (5, 
31-33,  35).  Apparently,  the  most  frequently  used  design  is  a  raw  material 
feed  from  the  top  with  an  upward  countercurrent  flow  of  gases  from  the  bottom. 
The  product  vapor  would  be  drawn  off  the  top.   The  operating  temperature  of 
the  reactor  would  be  about  900°  C.   The  furnace  lining  should  be  a  dense, 
high -temperature ,  heavy-duty,  fire-clay  brick.   Such  brick  is  used  in  blast 
furnaces  and  in  furnaces  for  the  chlorination  of  rutile.   To  retain  as  much 
reaction  heat  as  possible  so  that  the  reaction  will  be  self-sustaining,  the 
furnace  lining  must  be  backed  up  with  sufficient  insulating  brick. 

Continuous  operation  of  the  reactor  requires  a  valve  or  gate  for  adding 
fresh  charge  materials  at  regular  intervals  and  a  dump  valve  on  the  bottom 
of  the  reactor  for  removing  unreactive  waste  materials  periodically.   The 
necessary  pipe  conduits  are  provided  for  delivering  the  gaseous  reactants 
at  the  bottom  of  the  shaft  and  for  leading  off  the  waste  gases  and  product 
vapor  at  the  top  of  the  shaft. 

Product  Recovery 

The  hot  product  vapor  is  normally  led  through  a  crossover  duct  (brick- 
lined  steel)  between  the  reactor  and  the  cooler.   The  cooler  is  a  brick- 
lined  box  which  provides  a  means  of  partially  cooling  the  vapor  by  heat 
radiation  to  air  prior  to  entering  the  condensers.   The  exit  temperature  of 
the  vapor  from  the  reactor  is  about  870°  C  and  from  the  cooler,  about 
650°  C. 

Commercially  used  condensers  vary  from  a  simple  air-cooled  sheet  steel 
chamber  from  which  the  product  is  periodically  removed  by  hammering,  to  a 
pair  of  steel  pipes  connected  in  parallel,  each  containing  a  revolving 
scraper  which  continuously  removes  the  product. 

With  an  integrated  system,  the  gas  from  the  condensers  would  be  cleaned 
and  recycled  to  the  reactor. 

Product  Purification 


Cl4  ,  SiCl4  ,  A1203  ,  Si02  ,  and  Fes03  .   The  nonvolatile 
solids  will,  in  most  cases,  be  negligible;  however,  resubliming  would  remove 
them,  if  necessary.   Both  TiCl4  and  SiCl4  can  be  separated  from  the  product 
stream  by  maintaining  the  condenser  above  their  boiling  points  (TiCl  , 
136.4°  C;  SiCl4  ,  57.6°  C)  and  below  the  sublimation  point  of  A1C13  (177.8°  C) 
It  is  more  difficult  to  separate  FeCl3  from  A1C13  for,  although  A1C13  sublime.' 
below  the  boiling  point  of  FeCl3  (319°  C) ,  FeCl3  is  volatile  enough  at  the 
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sublimation  temperature  of  A1C13  that  appreciable  amounts  of  FeCl3  sublime 
with  AICI3  (4) . 

Many  methods  have  been  proposed  for  removing  FeCl3  from  A1C13 .   Some  of 
the  most  feasible  are  listed. 

1.  According  to  the  Weaver  patent  (52)  the  product  vapor  was  passed 
through  a  bath  of  molten  aluminum  which  reduced  the  FeCl3  to  iron,  liberating 
more  A1C13 : 

FeCl3  +  Al  £  Fe  +  A1C13 .  (4) 

This  method  of  ferric  chloride  removal  appears  to  be  the  most  patented  and 
most  used. 

2.  In  the  Johnson  patent  (24)  the  product  vapor  was  passed  through 
molten  lead  heated  to  400°  C.   FeCl3  was  reduced  to  FeCl2  and  PbCl2 : 

bCl2.  (5) 

The  iron  and  lead  chlorides  formed  a  dross  on  the  surface  of  the  lead  and  could 
be  skimmed  off.   It  was  claimed  that  C02  present  in  the  product  vapor  would 
form  oxides  with  iron  or  aluminum,  if  used  for  purification,  but  not  with 
molten  lead. 

3.  Two  Castner  patents  (9-10)  utilized  molten  salt  baths  to  remove  iron 
from  the  A1C13  product.   In  one,  iron  was  removed  by  electro lyzing  the  product 
in  a  molten  salt  bath.   In  the  other,  the  product  vapor  was  passed  through  a 
bath  containing  aluminum  dust  and  the  iron  formed  from  FeCl3  reduction  settled 
out. 

4.  In  an  Arnold  patent  (4)  sufficient  pressure  was  applied  (1.5  to  2.5 
atm)  to  the  crude  product  in  a  heated  container  to  permit  melting  the  A1G13 
and  obtaining  a  vapor-liquid  equilibrium.   Thus,  it  was  possible  to  prevent 
sublimation  of  either  A1C13  or  FeCl3  ,  distill  off  A1C13  ,  and  leave  FeCl3  in 
the  still. 

5.  Krchma  (28)  patented  the  separation  of  A1C13  from  anhydrous  mixtures 
of  A1C13  and  FeCl3  by  solvent  extraction  with  TiCl4  .  The  solubility  of  A1C13 
in  TiCl4  is  approximately  283  grams  per  liter  at  137°  C  and  17  grams  per  liter 
at  25°  C,  whereas  the  solubility  of  FeCl3  in  both  hot  and  cold  TiCl4  is  only 
0.5  gram  per  liter.   In  an  example  given,  recovery  of  A1C13  containing  less 
than  0.2  percent  FeCl3  was  94  percent. 

6.  An  I.G.  Farbenindustrie  patent  (19)  proposed  purifying  anhydrous 
A1C13  containing  iron  compounds  by  converting  the  A1C13  into  a  liquid  compound 
with  phosgene,  separating  undissolved  FeCl3 ,  and  recovering  the  A1C13  by  evap- 
orating the  phosgene. 
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Of  these  methods,  the  simplest  would  be  to  pass  the  product  vapor  through 
molten  scrap  aluminum.   To  determine  the  most  economical  method  would  require 
further  investigation. 


amount  of  iron  contained  in  the  feed  material,  low-iron  aluminous  ores  should 
be  preferable  as  feed  stock.   Large-scale  production  of  A1C1  would  require 
the  development  of  methods  for  recovering  and  utilizing  the  valuable  byprod- 
ucts produced  in  the  process. 

Of  the  byproduct  metallic  chlorides  normally  obtained,  TiCl4  would  be 
the  least  troublesome  because  it  is  easily  separated  from  the  product  and  may 
be  used  for  either  the  production  of  titanium  metal  or  the  preparation  of 
pigment -grade  Ti02 . 

Silicon  tetrachloride  has  use  as  a  chemical  intermediate  in  making  sili- 
cones, metal  silicides,  silanes,  silicon  organic  compounds,  and  silicon 
ammoniates .   It  also  has  use  in  electronics  for  the  preparation  of  transistor, 
grade,  high-purity  silicon  metal,  in  the  glass  industry,  in  the  manufacture 
of  high-purity  fused-silica ,  and  in  the  petroleum  industry  for  preparing 
oilfield  drilling  muds. 


Byproduct  FeCl3  ,  due  to  its  low  value  and  the  larger  amounts  obtained, 
is  more  of  a  problem.   Madigan  (30)  oxidized  byproduct  FeCl3  to  Fe203  and 
chlorine  at  elevated  temperature  as  shown  in  the  equation 

2  FeCl3  +  3/2  02  7°°  °-^5°  °  c  Fe203  +3  Cla  .  (6) 

The  Fe203  product  could  be  reduced  to  iron  powder  or  sold  as  a  high-grade 
Fe203. 

Peace  River  Mining  and  Smelting,  Ltd.  (11)  ,  has  developed  a  process  which 
converts  a  ferrous  chloride  crystal  made  from  scrap  metal  to  iron  powder  and 
HC1.   The  iron  powder  has  found  a  ready  market  with  powder  metal  fabricators 
who  make  it  into  auto  parts  such  as  gears,  cams,  connecting  rods,  and  pump 
and  transmission  parts. 


Since  silica  in  the  presence  of  a  carbon  reductant  will  react  readily 
with  chlorine  at  800°  C,  it  is  to  be  expected  that  a  significant  portion  of 
any  silica  present  in  aluminous  ores  will  be  converted  to  SiCl4  and  distill 
off  with  the  A1C13  . 

A  means  of  suppressing  the  formation  of  SiCl4  in  the  production  of 
aluminum  chloride  from  silica  containing  aluminous  ores  has  been  suggested 
by  Spitzin  (43)  and  Staib  (44) .   Spitzin  recycled  SiCl4  to  the  reactor  with 


appreciable  effect  on  the  reactivity  of  A1?0, 
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Karl  Staib  in  a  patent  stated,  "I  have  found  that  when  using  a  mixture  of 
about  equal  parts  of  SiCl4  and  chlorine  and  carrying  out  the  reaction  at  about 
750°  C,  there  is  no  surplus  formation  of  SiCl4  due  to  reaction  with  the  said 
materials,  the  entire  chlorine  content  of  the  gas  mixture  being  utilized  for 
the  formation  of  aluminum  chloride."   He  also  states  that  when  more  than  50 
percent  SiCL  was  used,  a  corresponding  amount  of  alumina  was  converted  to 
A1C13  ,  and  when  less  than  50  percent  SiCl4  was  used,  formation  of  SiCl4  from 
the  solid  material  containing  silica  and  alumina  takes  place  simultaneously 
with  the  conversion  of  part  of  the  latter  into  aluminum  chloride.   The  means 
of  adding  SiCl4  to  the  gas  stream  is  stated  by  Staib  as  follows: 

The  charging  of  the  chlorine  gas  with  the  necessary  amount  of 

SiCl4  may  be  effected  in  a  very  simple  way  in  view  of  the  fact  that 

SiCl4  boils  at  57°  C  and  has  a  high  vapor  tension  even  at  ordinary 

temperature;  therefore,  by  passing  the  chlorine  gas  through  liquid 

SiCL  the  chlorine  becomes  saturated  and  the  amount  of  silicon  chlo- 

4 
ride,  thus  taken  up  by  the  chlorine,  may  be  easily  regulated  by 

adjusting  the  temperature  at  which  the  separation  is  carried  out. 

System  Integration 

Integration  of  the  system  for  the  production  of  aluminum  by  the  fused- 
salt  electrolysis  of  A1C13  would  first  require  solving  the  problems  associated 
-P" 

The  purified  A1C13  product  could  be  delivered  directly  to  the  electroly- 
sis cell  as  a  cell  feed,  either  in  vapor  or  solid  form,  whichever  would  be 
preferable.   The  chlorine  from  the  cell,  together  with  reclaimed  chlorine  from 
byproducts  and  the  necessary  makeup  chlorine,  would  be  piped  directly  to  the 
A1C13  reactor. 

AREAS  FOR  FURTHER  RESEARCH 

Aluminum  Chloride  From  Clay 

Anorthosite  and  clay  represent  the  largest  potential  U.S.  aluminum 
sources  (49) .  Although  anorthosite  constitutes  the  bulk  of  these  potential 
aluminum  sources  (97.5  percent),  its  high  content  of  alkaline  components 
(CaO ,  11  percent;  Na20,  5  percent)  makes  it  unsuitable  for  direct  chlorination 
to  A1C13  without  prior  treatment. 

Clays,  the  next  largest  source,  have  a  domestic  potential  of  12,674 
million  short  dry  tons  which  contain  3,719  million  short  tons  of  alumina. 
At  the  present  rate  of  U.S.  alumina  consumption  (6.4  million  tons  in  1966) 
clay  reserves  could  supply  domestic  aluminum  needs  for  over  500  years. 

Fire  clay  and  kaolin  represent  65.5  and  26  percent,  respectively,  of  the 
total  potential  clay  sources.   Eleven  States  possess  significant  deposits  of 
fire  clay  with  68  percent  in  Ohio  and  West  Virginia.   Thirteen  States  possess 
significant  deposits  of  kaolin  with  63.5  percent  in  Georgia,  Arkansas,  and 
Oregon. 
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A  typical  analysis  of  these  two  clays  follows: 


Composition,  percent 

A1S03 

Si02 

Fe 

Ti02 

LOI1 

Fire  clay 

Kaolin 

27 
33 

56 
45 

2.1 
3.5 

2 
2 

10 

14 

^■Loss  on  ignition. 


The  preparation  of  A1C13  from  fire  clay  and  kaolin  should  be  feasible 
because,  with  the  exception  of  silica,  only  small  amounts  of  chlorine  - 
consuming  constituents  are  present  and  methods  previously  described  have  been 
proposed  to  suppress  the  formation  of  SiCl4 . 

Satisfactory  commercial  methods  have  been  developed  for  the  preparation 
of  A1C1„  from  aluminum  metal,  Bayer  alumina,  and  high-grade  bauxite.   Prepa- 
ration of  A1C13  from  clays  and  other  aluminous  materials  has  occurred  on  a 
smaller  scale  where  economics  or  convenience  favored  the  use  of  locally 
obtained  materials. 

For  the  purpose  of  a  cost  evaluation  of  aluminum  via  the  electrolysis - 
of-AlCl3  process,  no  published  information  is  available  on  the  utilization  of 
domestic  clays  for  the  preparation  of  A1C1  .   Sixteen  literature  references 
from  foreign  sources  (l-2_,  6_,  14-18,  25_,  27_,  36,  40,  45-46,  50,  54)  on  A1C13- 
from-clay  processes  have  been  reported  over  the  past  50  years  covering  the 
utilization  of  foreign  clays.   In  the  United  States,  no  journal  references  and 
only  four  patents  (23 ,  29,  37 ,  51)  have  been  found  concerning  A1C13 -from-clay 
processes  during  the  same  period. 

The  choice  of  domestic  clays  for  the  production  of  A1C13  would  require 
investigations  to  determine  the  optimum  apparatus  design  and  operating  param- 
eters for  the  calcination  and  chlorination  of  the  clays  and  purification  of 
the  product. 

Calcination  and  Chlorination  Research 

Except  for  scrap  aluminum  and  alunite,  A1203  is  the  essential  component 
of  almost  all  aluminous  raw  materials.  Although  some  work  has  been  done  on 
the  chlorine  reactivity  of  the  transition  forms  of  hydrated  A1203,  much  work 
remains . 

The  chlorine  reactivity  of  the  various  transition  aluminas  and  the  calci- 
nation conditions  necessary  to  obtain  them  could  be  obtained  by  using  the 
following  procedure: 

1.   Prepare  suitable  quantities  of  the  transition  aluminas  according  to 
Tertian  and  Pappee  (46) . 


2.  Measure  the  pore  surface  area  of  each  of  the  prepared  aluminas  by 
the  BET  method  (7). 
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3.  Devise  a  standard  chlorination  procedure. 

4.  Measure  the  chlorine  reactivity  of  each  transition  alumina. 

5.  Correlate  the  results  of  the  tests  so  that  a  comparison  may  be  made 
between  the  transition  aluminas  as  to  their  chlorine  reactivity,  surface  area, 
and  pore  size. 

The  results  of  this  investigation  could  be  applied  to  the  treatment  of 
domestic  clays  to  obtain  their  maximum  chlorine  reactivity.   The  calcination 
of  these  materials  could  be  followed  in  the  same  fashion  as  for  the  pure 
transition  aluminas: 

1.  Calcine  the  ore  sample  according  to  the  conditions  required  to  pre- 
pare the  most  reactive  transition  alumina. 

2.  Measure  the  pore  surface  area  of  the  sample. 

3.  Measure  the  chlorine  reactivity  of  the  sample  according  to  the 
standard  chlorination  procedure. 

4.  Correlate  the  results  of  these  tests  with  the  results  obtained  with 
the  pure  compounds . 

Product  Purification  Research 

Further  information  on  product  purification  is  necessary,  especially  in 
respect  to  the  products  from  domestic  clays.   Since  iron  is  one  of  the  most 
objectionable  impurities,  a  study  of  the  many  proposed  iron  purification 
methods  listed  under  "Product  Purification"  would  provide  information  to 
determine  which  is  the  most  effective  and  the  most  economically  feasible. 

CONCLUSIONS 

Satisfactory  commercial  methods  of  producing  A1C13  from  aluminum  scrap, 
high-grade  bauxite,  and  Bayer  alumina  have  been  developed  in  the  United  States 
and  in  other  countries.   Although  the  United  States  possesses  large  deposits 
of  clays ,  little  work  has  been  done  with  them  to  determine  their  suitability 
for  production  of  A1C13 .   The  justification  for  research  in  producing  A1C13 
from  clays  lies  in  the  fact  that  there  are  no  large  domestic  reserves  of 
high-grade  bauxite  and  that  most  of  the  bauxite  used  for  aluminum  production 
in  this  country  is  imported.   Current  demand  and  technology  limit  the  domestic 
commercial  reserves  essentially  to  bauxite.   Both  domestically  and  abroad  the 
ultimate  alumina  and  aluminum  resource  is  the  nonbauxitic  clays ,  mainly  of 
the  kaolin  type.   Thus,  any  technologic  advance  that  promises  to  improve 
upon  the  present  technology  of  winning  aluminum  from  clay  deserves  a  large 
measure  of  attention. 

Fundamental  data  for  process  improvements  in  the  calcination  and  chlorin- 
ation of  aluminous  raw  materials  and  for  the  purification  of  the  resulting 
also  should  be  gathered. 
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RADIATION-VENTILATION  RELATIONSHIPS  IN  SIX  UNDERGROUND 
URANIUM  MINES 

by 
R.  L.  Rock1 


ABSTRACT 

The  Bureau  of  Mines  conducted  radiation-ventilation  studies  in  six  large 
underground  uranium  mines  to  investigate  the  extent  of  radon-daughter  exposure 
experienced  by  the  miners  and  to  analyze  the  ventilation  systems  to  see  what 
changes  were  required  to  achieve  recommended  radiation  standards.   The  studies 
entailed  tracing  and  measuring  the  mines'  ventilating  air,  quantitatively  and 
qualitatively,  from  its  entrance  into  the  mines,  through  production  areas,  and 
back  to  the  surface. 

Pressures  consumed  in  creating  airflow  through  mine  circuits  were  deter- 
mined by  altimeter  surveys.   Air  quantities  were  measured  with  anemometers  or 
by  chemical  smoke  cloud  methods.   Air  quantities  delivered  through  tubing  were 
determined  using  U-tube  water  gages  or  magnahelic  gages  to  measure  velocity 
pressures. 

Radon -daughters  were  filtered  from  mine  air  to  measure  alpha  activity; 
activity  levels  were  converted  to  "working  levels,"  the  established  unit  for 
reporting  miner  exposure.   Attention  was  given  to  locating  unnecessary  contam- 
ination influx  sources  and  recirculating  air. 

The  radiation-ventilation  surveys  showed  that  where  basic  principles  of 
good  ventilation  were  not  followed,  high  alpha  radiation  levels  invariably 
resulted.   Some  mines  required  more  primary  air  for  controlling  radiation 
levels  throughout  active  areas,  but  more  efficient  use  of  available  air  was 
generally  possible.   Premature  contamination  of  intake  air  was  prevalent  where 
development  openings  intersected  ore  or  passed  by  worked-out  stopes.   Several 
auxiliary  systems  were  inefficient  in  secondary  distribution,  recirculating 
air  already  too  highly  contaminated  for  ventilation.   Many  of  these  common 
problems  can  be  traced  to  the  lack  of  mine  planning  with  radiation  control  in 
mind. 


•'-Mining  engineer,  Health  and  Safety  District  E,  Bureau  of  Mines,  Denver,  Colo. 


INTRODUCTION 

The  Bureau  of  Mines'  concern  over  radiation  health  hazards  in  uranium 
mines  is  inherent  in  its  responsibility  to  promote  safe  health  environments  in 
the  mining  industry.   In  the  years  following  1950,  as  uranium  mining  grew  into 
a  sizable  industry,  the  U.S.  Public  Health  Service  warned  of  a  potential 
health  hazard  associated  with  the  mining  of  radioactive  ores  (5).2 

The  hazard  is  believed  to  be  from  inhalation  of  the  short-lived,  airborne, 
alpha  emitting,  direct-nuclide  descendants  of  radon  gas.   These  nuclides,  com- 
monly called  radon-daughters,  attach  themselves  to  respirable  dust,  or  other 
available  condensation  nuclei,  and  are  breathed  into  the  respiratory  system 
where  a  portion  of  them  are  retained.   Their  potential  alpha  energy  is 
released  in  a  relatively  short  time  as  they  decay  to  longer  lived  nuclides. 
Although  alpha  particles  have  little  penetrating  power,  they  are  highly 
ionizing. 

Studies  by  the  U.S.  Public  Health  Service  in  cooperation  with  the  U.S. 
Atomic  Energy  Commission  and  State  agencies  disclose  that  underground  uranium 
miners  are  subject  to  the  incidence  of  lung  cancer  to  a  substantially  greater 
degree  than  the  general  population.   The  excess  incidence  apparently  is 
related  to  the  uranium  miner's  occupational  environment,  and  is  believed  to  be 
induced  by  the  radioactive  decay  of  radon-daughters  in  the  respiratory  system. 

Where  serious  doubts  concerning  the  health  hazard  still  persist,  they 
pertain  to  the  radiation  levels  that  can  be  tolerated  day  after  day  without 
noticeably  increasing  the  hazard.   During  1967,  extensive  hearings  were  held 
before  the  Congressional  Joint  Committee  on  Atomic  Energy  (7)  to  settle  con- 
toversy  over  the  setting  of  a  tolerable  radiation  exposure  standard  for  radon- 
daughters  in  underground  mines.   Also,  the  Federal  Radiation  Council  (4)  recog- 
nized that,  while  mining  conditions  had  improved  greatly  over  those  prevailing 
10  years  previously,  more  improvement  was  needed  to  provide  proper  control  of 
exposure  to  radon-daughters.   The  council  then  adopted  an  interim  standard  of 
one  working  level  (1  WL)  in  order  to  affect  immediate  improvements;  they  fur- 
ther recommended  that  actual  exposure  should  be  kept  as  far  below  this  value 
as  practicable.3 


State  and  Federal  agencies  have  been  surveying  airborne  alpha-particle- 
emitting  contaminant  (radon-daughter)  levels  in  the  Nation's  underground  ura- 
nium mines  for  the  last  10  years.   These  surveys,  plus  industry  surveys,  allow 
a  fairly  accurate  appraisal  of  the  general  radon-daughter  levels  existing  in 
the  mines  during  this  period.   Medical  data  and  exposure  levels  are  continu- 
ally being  correlated  by  the  Public  Health  Service  in  an  attempt  to  further 
define  acceptable  levels  of  exposure.   The  Bureau  has,  and  continues  to  con- 
tribute, much  of  the  exposure  level  data  used  in  the  correlative  efforts. 


Underlined  numbers  in  parentheses  refer  to  items  in  the  list  of  references  at 

the  end  of  this  report. 
30ne  working  level  is  1.3  X  105  million  electron  volts  of  potential  alpha 

energy  per  liter  of  air  from  the  daughters  Ra,  RaB,  and  RaC. 


The  Bureau  initiated  radiation  surveys  in  all  the  Nation's  underground 
uranium  mines  in  Spring  1967,  under  the  authority  of  the  Federal  Metal  and 
Nonmetallic  Mine  Safety  Act  (80  Stat.  772),  delegated  by  the  Secretary  of  the 
Interior.   Although  the  number  of  active  mines  changed  because  of  mine  clo- 
sures and  reopenings,  180  plus  or  minus  10  percent  was  the  determined  number  of 
mines  operating  at  any  one  time  during  the  survey  period  ending  May  10,  1968. 
The  mines  employed  about  2,100  underground  workers  in  New  Mexico,  Wyoming, 
Colorado,  Utah,  Arizona,  California,  and  South  Dakota.   All  of  the  mines  were 
surveyed  for  radon-daughter  levels;  resurveys  have  been  made  as  the  continuity 
of  the  operations  allowed.   Appropriate  summaries  of  exposure  level  data 
obtained  from  these  surveys  are  continually  being  prepared  and  distributed  (3) . 
The  Bureau's  quarterly  Mineral  Industry  Survey's  health  and  safety  summary  is 
one  way  the  information  is  disseminated.   These  surveys  are  very  important  in 
indicating  existing  radiation  levels  and  progress  toward  improvement.   However, 
they  are  not  detailed  enough  to  either  provide  answers  as  to  why  high  radia- 
tion levels  persist  in  some  instances  or  to  indicate  how  improvements  can  best 
be  implemented. 

To  provide  information  for  answering  these  important  questions,  six  of 
the  larger  uranium  mines,  having  widely  different  mining  methods,  were 
selected  for  detailed  radiation-ventilation  studies.   Ventilation  patterns  are 
similar  at  some  of  the  operations,  but  there  is  enough  diversity  to  be  repre- 
sentative of  general  practices  in  the  industry.   About  300  underground  workers, 
15  percent  of  the  total  U.S.  underground  uranium  work  force,  are  represented 
by  the  six  operations  studied. 

This  paper  summarizes  radiation  levels  found  at  the  six  operations  stud- 
ied, basic  radiation-ventilation  relationships  revealed,  and  major  causes  of 
high  exposure  levels. 
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MINING  PRACTICES 

All  but  one  of  the  ore  bodies  studied  are  relatively  flat- lying  and  occur 
in  sandstone.   The  other  deposit  occurs  in  a  Precambrian  gneiss  and  fits  the 
general  description  of  a  steeply  dipping  vein  deposit,  although  multiple  inter- 
secting veins  and  ore  shoots  are  involved.   Most  of  the  flat- lying  deposits 
occur  in  more  than  one  stratigraphic  horizon  and  are  oriented  along  bedding 
S  planes. 

The  smaller  sandstone  ore  deposits,  consisting  of  a  few  hundred  to  a  few 
thousand  tons  each,  occur  as  a  series  of  intermittent  lenses  and  pods.   These 
|  smaller  deposits  are  difficult  to  define  in  advance  of  mining;  therefore, 
'  planned,  systematic  extraction  is  seldom  practiced.   The  usual  method  is  to 
explore,  develop,  and  extract  at  the  same  time.   Sometimes  single  track 


entries  are  driven  below  the  ore,  but  more  often  entries  are  located  in  the 
ore. 

In  the  larger  deposits,  systematic  extraction  is  easier  to  attain.   Most 
often,  sublevel  haulageways  are  driven,  and  ore  on  the  levels  above  is  mined 
by  room  and  pillar  methods.   Cut  and  fill  and  square  set  mining  is  used  in 
some  of  the  thicker  deposits.   Caving  is  successfully  applied  in  large,  thick 
pillar  sections  by  driving  raises  from  below  and  ring  drilling  the  pillars. 
Caving  is  initiated  by  blasting  the  drill  holes;  the  raises  serve  as  drawholes 
for  removing  the  ore. 

Shrinkage  and  open  stoping  methods  are  used  to  mine  the  single  vein 
deposit  studied.   Deposits  are  opened  by  adits  or  shafts,  depending  upon  the 
relationship  between  the  ore  and  topography.   Boreholes  are  widely  used  to  sup- 
plement ventilation  and  to  provide  escape  openings. 

Both  track  and  trackless  haulage  and  loading  equipment  are  used.   Slush- 
ers  are  used  in  scram  drifts  and  with  slusher-ramp  loading  arrangements.   Most 
equipment  is  electrically  or  air  powered,  but  a  few  diesel-powered  front-end 
loaders  and  ore  carriers  are  employed.   Ore  and  waste  are  drilled  using  pneu- 
matic jack-leg  drills.   The  mines  studied  are  well  mechanized,  and  little  hand 
mucking  or  hand  tramming  is  utilized.   Electrical  power  was  available  at  all 
the  mines. 

STUDY  PROCEDURES 

General 

Each  detailed  study  required  tracing  and  measuring  the  ventilating  air 
both  quantitatively  and  qualitatively  (for  alpha  radiation  from  airborne  par- 
ticulates) from  the  point  where  fresh  air  entered  the  mine  to  ventilation  dis- 
tribution points  in  production  areas  and  finally  to  where  return  air  was 
exhausted  at  the  surface. 

Two  to  four  men  participated  in  each  study.   Average  time  requirements  to 
secure  field  data  for  each  study  were  about  30  man-days. 

Company  mine  maps  were  first  analyzed,  then  brought  up  to  date  to  show 
ventilation  patterns  and  controlling  features  governing  the  ventilating  system. 
Active  and  inactive  areas  were  located,  and  a  line  diagram  depicting  ventila- 
tion circuits  was  constructed  for  use  as  a  working  guide. 

Ventilation  Measurements 

Airflow  quantity  measurements  were  made  using  the  full-traverse  anemome- 
ter method  wherever  possible.   The  chemical  smoke-cloud  measurement  method  was 
used  where  air  velocities  were  below  anemometer  range.   Auxiliary  vent- tubing 
quantities  were  determined  with  the  aid  of  a  pitot  tube  and  water  gage. 
Velocity  pressures  were  corrected  for  density  to  allow  better  quantity  calcu- 
lations of  the  air  passing  through  tubing.   All  quantities  measured  were 
recorded  directly  on  the  working  map,  and  a  preliminary  quantity  balance  was 


made  as  work  was  progressed,  making  it  possible  to  immediately  identify  where 
leakage  and  recirculation  were  occurring.   Radiation  levels  from  radon- 
daughters  were  measured  during  the  quantity  survey  to  assure  that  alpha  radia- 
tion levels  measured  reflected  the  conditions  of  air  quantities  being  deliv- 
ered.  Radiation  levels  were  also  recorded  on  the  working  map  where  they  could 
easily  be  examined.   To  verify  data,  repeat  samples  and  check  air  measurements 
were  made. 

Finally,  absolute  system  pressures  were  measured  using  two  4,000-  to 
11,000-foot-range  precision  altimeters  (6_)  .   One  altimeter  was  used  as  a  base 
to  record  normal  pressure  changes  in  the  surface  atmosphere.   The  other  instru- 
ment was  used  as  the  roving  altimeter  to  measure  static  pressures  between 
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selected  stations  in  the  ventilation  system.   Magnahelic-gage  readings  and  U-tube 
water-gage  readings  were  taken  to  augment  altimeter  measurements.   By  correcting 
roving  altimeter  readings  for  elevation  differences,  surface  barometer  changes,  and 
velocity  pressure  differences,  the  pressure  consumed  in  causing  flow  between  sta- 
tions was  indicated. 

Radiation  Measurements 

Radon-daughters  were  filtered  from  the  mine  air,  and  the  alpha  activity  on  the 
filters  was  measured  using  the  standard  field  method  Q) .   Total  alpha  activity  on 
the  filters  was  converted  from  disintegrations  per  minute  (dpm)  to  "working  levels," 
the  established  unit  for  reporting  potential  alpha  radiation  from  radon- daughters,  by 
dividing  the  dpm  count  by  liters  of  air  filtered,  and  multiplying  this  by  the  appro- 
priate elapsed  time  factor.   Chemical  smoke  clouds  were  used  liberally  to  assure 
that  air  currents  sampled  were  truly  representative  of  the  portion  of  the  mine  atmos- 
phere desired  for  testing.   This  insured  that  invisible  air  interfaces  did  not  mask 
the  relationships  being  sought. 

Special  attention  was  given  to  locating  contamination  intake  sources.   A  radia- 
tion profile  map  is  sometimes  helpful  in  depicting  the  contamination  buildup  that 
occurs  while  intake  air  circulates  through  the  mine.   Figure  1  is  a  generalized 
example  of  the  form  such  a  profile  might  take.   Main  areas  of  exposure  were  care- 
fully sampled,  and  timestudies  were  obtained  to  allow  full-shift  exposure  calcula- 
tions for  each  man  (2).   Table  1  summarizes  individual  samples  and  full-shift  expo- 
sures determined  from  them. 


TABLE  1. 


Summary  of  all  radon-daughter  samples  and  individual  employee 
full-shift  exposures,  by  mines  and  working  levels 
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Total 
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10 
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0 
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2 

4 

1 

5 
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12 
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2 

38 

53 

Total. . 

49 

87 

46 

40 

55 

70 

25 

36 

37 

47 

13 
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225 
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Percent 

22 

30 

21 

14 

24 

25 

11 

13 

16 

16 

6 

2 

100 

100 

A  detailed  report  was  given  the  operator  following  each  study  in  which 
radiation-ventilation  conditions  were  described,  and  recommendations  for  improving 
radiation  levels  were  presented. 

MAJOR  RADIATION- VENTILATION  RELATIONSHIPS4 

Mine  1 

Mine  1  is  a  shaft  mine  ventilated  by  four  surface  fans  exhausting  air  through 
metal-cased  30-  to  36-inch  boreholes  600  to  700  feet  deep,  moving  88,000  cubic  feet 

4Table  1  should  be  referred  to  for  the  number  of  underground  employees  and  radiation 
exposure  levels,  at  the  respective  operations  described. 


, 


per  minute  (cfm)  of  air  into  the  shaft.   About  3,000  cfm  of  additional  air 
entered  the  mine  through  another  cased  borehole  open  to  the  surface,  but  not 
provided  with  a  fan.   Of  the  total  intake  air,  only  about  38,000  cfm  was  used 
to  ventilate  the  single  major  multilevel  production  section.   Most  of  the 
remaining  intake  air  was  lost  through  stoppings  and  ore  passes  connecting  old 
stoping  areas  with  the  main  haulageway  and  intake  airway. 

Intake  air  arrived  at  the  primary  production  area  relatively  uncontami- 
nated  because  the  intake  airway  was  in  barren  ground  below  the  ore,  and  aban- 
doned connecting  stoping  areas  were  kept  at  negative  pressure  with  respect  to 
the  airway. 

Air  was  distributed  to  the  various  mining  levels  above  the  haulage  level 
through  manways  and  ore  passes.   Air  movement  on  and  between  the  levels  was 
not  well  controlled,  and  recirculation  was  evident.   Only  some  of  the  small 
auxiliary  fans,  used  with  vent-tubing  to  spot-ventilate  individual  working 
places,  were  effective;  others  were  not,  chiefly  because  of  problems  with 
recirculation  at  the  fan  inlets  and  poor  tubing  maintenance. 

Some  of  the  room  and  pillar  stoping  levels  were  quite  large,  and  the  air, 
following  a  random  path  of  least  resistance,  had  a  tendency  to  channel  through 
them,  leaving  fringe  areas  poorly  ventilated.   Such  fringe  areas  then  became 
reservoirs  for  contamination  buildup  and  complicated  the  general  control 
problem. 

More  air  and  better  distribution  efficiency  were  needed  in  the  major  pro- 
duction area.   Without  appreciably  improving  distribution  efficiency,  the  air 
quantity  would  have  to  be  nearly  doubled  to  limit  the  radiation  in  all  work 
locations  to  1  WL.  If,  however,  recirculation  was  prevented,  and  more  uniform 
flow  was  obtained  through  stoping  areas,  the  available  air  should  have  been 
nearly  enough  to  control  radiation  levels  in  existing  stoping  volumes. 

Pressure  requirements  and  attendant  power  costs  for  ventilating  through 
small-diameter  boreholes  are  always  high.   In  this  case,  about  80  percent  of 
the  system  resistance  was  in  the  primary  borehole.   Also,  the  main  fan  was 
operating  at  an  inefficient  location  on  the  fan  characteristic  curve,  and  by 
adjusting  the  fan  blades,  it  was  possible  to  lower  power  costs  almost  50  per- 
cent with  only  a  3-percent  loss  in  air  quantity. 

Mine  2 

Ventilation  was  induced  by  two  tandem-connected  surface  fans  blowing  air 
underground  through  a  1,430-foot,  36 -inch-diameter  cased  borehole.   A  booster 
fan  on  the  lower  stoping  level  added  pressure  to  the  primary  flow  which  was 
coursed  through  raises  and  draw  holes  into  the  upper  mining  levels.   All  the 
return  air  was  collected  on  the  track  level  and  returned  to  the  surface 
through  the  hoisting  shaft.   Of  the  59,000  cfm  of  air  entering  the  vent  shaft, 
only  36,000  cfm  was  left  for  ventilating  production  areas  after  leakage  and 
after  splits  were  taken  off  for  ventilating  the  shop,  lunchroom,  and  trans- 
former station.   The  booster  fan  was  handling  58,000  cfm  of  air,  but  22,000 
cfm  of  this  air  was  recirculated  from  the  track  haulage  level  and  adjacent 


tailing-sand-filled  stopes.   This  recirculation  in  the  primary  circuit, 
besides  increasing  the  hazard  from  smoke  or  fire  originating  underground, 
allowed  contamination  inflow  to  raise  the  radon-daughter  concentration  in  the 
immediate  main  intake  air  to  0.4  WL. 

Further  contamination  of  part  of  this  intake  air  occurred  when  it  passed 
mill  tailing-filled  stopes  on  its  way  to  the  production  area.   This  air  was 
already  contaminated  to  3.4  WL  at  the  intake  to  the  stope  fan,  and  miners  were 
exposed  to  about  5.8  WL  in  the  stopes. 

Auxiliary  fans  and  tubing  were  used  to  ventilate  individual  working 
places.   At  least  three  of  these  units  were  recirculating  air  already  highly 
contaminated. 

An  estimated  15,000  cfm  of  additional  uncontaminated  primary  air  could  be 
made  available  by  eliminating  unnecessary  leakage  between  intake  and  return 
airways.   The  main  radiation  problem,  however,  was  due  to  the  large  acceptance 
of  contamination  inflow.   Fortunately,  mill  tailings  were  no  longer  being  used 
for  filling  stopes.   A  planned  48-inch  diameter  drill  hole  should  allow  alter- 
ing the  ventilating  system  so  contamination  inflow  from  existing  tailing- 
filled  stopes  will  be  minimized.   Using  the  new  system,  tailing-filled  stopes 
along  the  present  sublevel  intake  air  course  will  be  on  return  air  and  the 
track  haulage  level  will  become  the  main  intake  air  course.   The  system  should 
also  minimize  series  ventilation  between  working  places.   The  quantity  of  air 
required  to  keep  radiation  levels  in  safe  ranges  in  all  the  mine  areas  could 
not  be  determined  accurately  for  this  mine.   It  should  be  possible,  however, 
to  utilize  the  planned  75,000  cfm  more  efficiently  with  the  proposed  distribu- 
tion changes. 

Almost  24  inches  of  water  gage  pressure  was  consumed  in  causing  the 
59,000  cfm  of  intake  air  to  enter  the  mine  through  the  36 -inch-diameter 
borehole. 

Mine  3 

Mine  3  was  ventilated  with  267,000  cfm  of  air  exhausted  by  six  fans 
through  five  boreholes  and  a  raise.   The  largest  borehole  was  60  inches  in 
diameter;  average  ventilation  shaft  depth  was  about  700  feet.   Air  entered  the 
mine  through  the  hoisting  shaft  and  two  additional  intake  boreholes. 

Because  the  mine  was  in  the  very  mature  stages  of  development,  only  the 
ventilation  pattern  in  the  major  active  production  section  will  be  discussed 
here.   In  this  section,  air  entered  the  haulage  level  from  the  hoisting  shaft 
and  one  of  the  intake  boreholes  and  was  then  distributed  up  to  the  mining 
level  through  manways  and  ore  passes.   The  main  mining  level  was  a  large  room 
and  pillar  area  with  sealed  caved  areas  around  the  margins.   All  the  workers 
on  this  level  were  exposed  to  radon- daughter  concentrations  well  in  excess  of 
1  WL.   Although  the  problem  was  complicated  by  other  factors,  the  major  reason 
for  the  high  levels  was  that  sealed  areas  were  interconnected  with  the  exhaust 
shaft  in  such  a  way  that  they  were  at  a  positive  pressure  with  respect  to 
active  stoping  areas.   Contamination  inflow  into  the  active  stoping  areas  was 


excessive  to  the  extent  that  35  WL  resulted  in  some  localities.   Other  contrib- 
uting factors  were  the  lack  of  control  of  intake  air  movement  through  the  pil- 
lar area  away  from  the  direction  of  mining  and  a  few  poorly  installed  auxil- 
iary air  distribution  systems. 

Auxiliary  spot  ventilation  systems  lose  much  of  their  effectiveness  if 
radiation  levels  in  the  general  stope  area  are  allowed  to  become  too  high. 
Several  thousand  cubic  feet  per  minute  of  uncontaminated  air  discharged  into 
such  an  area  may  be  effective  only  within  a  few  feet  of  the  tubing  discharge 
because  of  the  rapid  entrainment  of  the  highly  contaminated  air. 

Because  modifications  of  the  ventilation  system  could  be  expected  to 
greatly  reduce  the  quantities  of  air  necessary  to  control  radiation  levels  on 
the  main  production  level,  no  attempt  was  made  to  project  future  requirements 
on  the  basis  of  existing  conditions. 

Several  mine  areas  of  excessive  resistance  to  airflow  were  indicated  by 
the  pressure  survey. 

Mine  4 

Air  entered  the  mine  through  two  adits,  each  leading  to  production  areas, 
and  a  surface  fan,  installed  over  a  420-foot  shaft,  exhausted  74,000  cfm  of 
air.   Distribution  through  the  adits  was  governed  by  the  relative  system 
resistance  of  each.   One  dead-end  production  area  was  pressure  ventilated  by 
about  4,700  cfm  through  a  15-inch-diameter  ventilation  borehole. 

Single- entry  track  haulageways  formed  the  intake  airways  either  in  or 
below  the  ore  horizons.   Doors,  stoppings,  and  regulators  were  used  to  control 
air  movement  along  active  splits.   Where  face  ventilation  could  not  be  pro- 
vided in  this  way,  auxiliary  fans  with  vent-tubing  were  used. 

Filtered-air  samples  indicated  that  radon-daughter  levels  in  the  active 
production  areas  off  both  adits  averaged  about  twice  the  recommended  maximum. 
The  intake  air  of  both  major  splits  was  contaminated  as  the  air  circulated  by 
and  through  old  stoping  areas  on  its  way  toward  current  production  locations. 
Intake  air  at  the  inlets  to  auxiliary  fans  was  generally  already  too  highly 
contaminated  to  effectively  control  radiation  in  face  areas.   In  addition,  dis- 
charge ends  of  tubing  terminated  much  too  far  from  work  locations  to  allow 
available  air  to  be  effective. 

It  was  found  that  the  air  provided  through  the  borehole,  and  intended  to 
ventilate  the  dead-end  workings  off  one  of  the  main  splits,  was  being  short- 
circuited  so  that  the  auxiliary  fan  could  not  pick  it  up.   Instead,  the  fan 
was  recirculating  air  at  2.0-4.0  WL  within  the  mine  volume  surrounding  the 
tubing.   A  single  check  curtain  was  installed  which  redirected  the  uncontami- 
nated air  from  the  borehole  to  the  fan  inlet  and  remedied  the  radiation  prob- 
lem in  this  particular  locality.   This  was  not  the  end  of  the  problem,  however, 
because  the  return  air  later  mixed  with  the  intake  air  to  the  next  stoping 
area  downwind.   This  is  but  one  example  of  contamination  problems  resulting 
from  series  ventilation  through  the  overall  mine  complex. 
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Because  systematic  sealing  of  old  stoping  areas  along  intake  airways 
would  lessen  the  quantity  of  air  required  to  control  radiation  levels  through- 
out the  mine,  no  attempt  was  made  to  estimate  the  quantity  required  for  venti- 
lation under  existing  conditions. 

The  pressure  portion  of  the  survey  did  not  reveal  any  areas  of  unusually 
high  resistance  to  airflow,  but  it  did  indicate  that  existing  equipment  was 
operating  near  its  maximum  capacity.   To  obtain  more  primary  flow,  a  higher 
capacity  fan  would  be  needed,  or  the  overall  system  resistance  would  have  to 
be  significantly  reduced. 

Mine  5 

Primary  air  entered  the  operating  adit  and  was  coursed  several  hundred  feet 
underground  (fig.  2),  where  two  auxiliary  fans  were  used  to  blow  part  of  the 
primary  air  through  tubing  to  four  active  mining  levels  below  the  collar  of  a 
winze.   A  20-inch-diameter  tubing  was  installed  in  the  restricted  area  of  the 
winze's  manway  compartment.   Total  primary  air  was  22,500  cfm;  air  arriving  on 
each  active  mining  level  through  the  tubing  was  3,100  to  4,500  cfm.   Remaining 
primary  air  flowed  through  the  hoisting  compartment  of  the  winze  to  the  first 
level  and  out  through  old  open  stopes  to  the  main  exhaust  fan  adit  above. 

Radon -daughter  samples  taken  on  the  mining  levels  and  in  the  steeply  dip- 
ping stopes  indicated  that  nearly  all  the  miners  working  below  the  collar  of 
the  winze  were  being  exposed  to  alpha  radiation  from  airborne  radon -daughters 
in  excess  of  1  WL. 

The  prime  cause  for  the  high  radiation  levels  was  insufficient  ventilat- 
ing capacity.   Tubing  was  extended  well  into  the  stopes;  but  air  quantities 
discharged  were  only  a  few  hundred  cubic  feet  per  minute  because  of  the  lim- 
ited quantity  that  could  be  delivered  through  the  tubing  in  the  winze,  leakage, 
and  the  large  number  of  splits  necessary  on  the  levels.   Another  contributing 
factor  to  the  high  radiation  levels  was  recirculation  of  contaminated  return 
air  from  stopes  on  and  between  the  levels. 

The  best  solution  to  the  problem  appeared  to  be  the  provision  of  an  ade- 
quate capacity  exhaust  fan  operating  through  a  new  shaft  connecting  the  mining 
levels  with  the  surface,  near  their  farthest  extension  from  the  winze.   Air 
then  would  enter  levels  through  the  present  winze  and  could  be  regulated  near 
where  the  levels  intersect  the  proposed  shaft.   Auxiliary  fans  and  tubing 
would  be  needed  to  course  air  from  the  levels  into  active  stopes,  but  tubing 
distances  would  be  minimal.   The  present  exhaust  fan  could  still  be  used  to 
maintain  an  upward  flow  of  air  through  the  stoped-out  areas  above  the  present 
mining  levels.   It  was  estimated  that  about  35,000  cfm  of  air,  efficiently 
distributed  between  existing  mining  levels,  should  be  adequate  to  lower  alpha 
radiation  from  airborne  contaminants  to  1  WL. 
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FIGURE  2.  -  Isometric  Sketch  of  Radiation-Ventilation  Relationships  at  Mine5. 


12 


Mine  6 

This  mine  (fig.  3)  is  a  good  example  of  an  operation  that  originated  as  a 
group  of  small  separate  mines,  but  became  interconnected.   Ore  deposits  were 
relatively  small  and  occurred  as  irregular  lenses  and  pods  within  a  flat-lying 
sandstone  formation.   A  shaft  and  two  adits  were  the  operating  openings.   A 
third  adit  was  used  solely  as  an  air  course. 

Primary  ventilation  was  induced  by  four  surface  fans,  two  blowing  through 
tubing  and  two  blowing  through  drill  holes,  and  by  two  underground  fans  operat- 
ing in  bulkheads.   Intake  air  totaled  43,900  cfm.   Five  auxiliary  fans  were 
used  underground  to  blow  air  through  tubing  into  active  areas  off  the  primary 
circuits. 

All  but  two  of  the  underground  employees  were  receiving  more  than  1  WL 
full-shift  exposure  to  radon-daughters. 

Management  was  in  the  process  of  increasing  primary  flow  through  the  main 
production  section  by  installing  a  larger  primary  fan  underground.   It  was 
very  necessary  to  increase  primary  flow  in  this  section  of  the  mine,  because 
auxiliary  units  were  handling  1-3/4  times  the  primary  quantity  of  air  provided. 
Recirculation  was  thus  inevitable. 

Contamination  inflow  was  also  a  serious  problem.   Intake  air  to  the  sec- 
tion passed  through  a  mined-out  area  shortly  after  it  entered  the  portal  of 
the  mine  and  was  at  nearly  5  WL  by  the  time  it  arrived  at  the  first  auxiliary 
fan  inlet.   Masonry  seals  were  being  constructed  to  alleviate  this  condition, 
but  the  mined-out  area  presented  a  formidable  sealing  problem.   A  number  of 
chutes,  in  addition  to  side  drifts,  required  sealing,  and  it  was  possible  that 
considerable  contamination  inflow  came  from  fill  and  spillage  along  the  adit 
floor  itself. 

About  half  the  total  200  horsepower  being  expended  for  ventilation  was 
wasted,  either  because  of  direct  recirculation  or  because  inlet  air  was 
already  too  highly  contaminated  to  be  usable.   In  general,  auxiliary  units 
were  poorly  designed  and  poorly  applied.   Besides  massive  recirculation  at  the 
fan  inlets,  leakage  from  tubing  joints  and  holes  reduced  the  quantity  of  air 
discharged  at  work  locations  to  ineffectual  proportions.   Often,  discharge 
ends  of  tubing  were  too  far  back  from  faces  they  were  intended  to  ventilate. 
One  auxiliary  unit  was  actually  detrimental;  it  raised  the  radiation  level  in 
the  area  it  served.   This  fan  was  picking  up  highly  contaminated  air  from  an 
inactive  area  and  injecting  it  into  an  active  location  near  a  fresh  air  source. 

No  attempt  was  made  to  predict  the  total  quantity  of  air  necessary  to  con- 
trol radiation  levels  throughout  the  mine.   Obviously,  enough  uncontaminated 
air  must  be  provided  to  allow  auxiliary  units  to  function  without  recircula- 
tion.  The  ability  to  isolate  contamination  sources  from  intake  air  appears  to 
be  the  factor  governing  whether  the  new  main  fan  will  achieve  the  desired 
results.   Another  contingency  will  be  the  ability  to  coordinate  flow  to  and 
from  active  sections  in  such  a  way  that  return  air  from  one  section  does  not 
foul  the  intake  air  of  the  next.   The  latter  would  be  simpler  to  achieve  if 
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production  areas  could  be  more  consolidated;  then  available  air  would  not  be 
spread  so  thinly. 

The  pressure  portion  of  the  survey  revealed  a  fine  balance  between  natu- 
ral draft  pressure  and  mechanically  induced  pressure  which  threatened  direc- 
tional control  over  the  air  in  the  vicinity  of  the  shaft.   Directional  control 
must  be  maintained  to  assure  that  contaminated  air  is  not  periodically  coursed 
in  a  deleterious  manner. 

CONCLUSION 

Radiation  hazards  in  the  six  mines  studies  are  aggravated  by  a  number  of 
factors,  the  broadest  of  which  is  a  lack  of  mine  planning  for  radon- daughter 
control .   It  is  recognized,  however,  that  the  mines  are  in  the  mature  stages 
of  development,  and  that  the  need  for  more  mine  planning  to  facilitate  radia- 
tion control  cannot  be  attributed  solely  to  the  shortsightedness  of  the  opera- 
tors.  In  many  cases,  the  major  development  work  in  these  mines  was  done  prior 
to  1960  when  there  was  still  some  disagreement  among  authorities  as  to  the 
severity  of  radiation  hazards  and  the  lack  of  comprehensive  knowledge  concern- 
ing the  relationship  of  exposure  to  radon-daughter  atmospheres  and  the  inci- 
dence of  respiratory  disease.   When  developing  new  stopes  in  old  mines,  more 
attention  is  being  given  to  the  need  for  mine  planning  to  achieve  radiation 
controls  and  to  keep  ventilation  costs  down.   Future  mines  can  be  expected  to 
be  developed  with  radiation  control  in  mind. 

A  major  factor  found,  which  is  sometimes  difficult  to  correct,  was  con- 
tamination inflow  into  intake  air  from  nonproductive  areas.   Contamination 
influx  was  so  severe  in  some  places  that  sufficient  intake  air  volumes  could 
not  be  practically  provided  to  dilute  contamination  enough  to  make  the  air 
usable  for  face  ventilation. 

Sometimes,  more  primary  air  was  needed,  but  with  few  exceptions  available 
air  was  not  being  optimally  utilized.   More  fans  and  more  air  movement  are  the 
first  control  measures  which  come  to  mind,  but  it  is  apparent  from  the  studies 
that,  unless  the  added  air  is  efficiently  distributed  and  integrated  with  the 
overall  ventilating  system,  results  can  be  very  disappointing  and  expensive. 
The  interrelationship  between  ventilation  patterns  and  radiation  levels  in 
different  mining  sections  is  such  that  adjustments  benefiting  one  section  may 
adversely  affect  another. 

Table  2  outlines  the  major  causes  of  high  radon-daughter  exposure  in  the 
six  mines  studied  in  order  of  severity.   Table  3  shows  a  comparison  of  radia- 
tion levels  found  during  the  six  radiation-ventilation  studies  and  radiation 
resurveys  made  a  few  months  later.   Although  repeat  detailed  radiation- 
ventilation  studies  would  be  required  to  allow  precise  correlation  between 
fulfillment  of  study  report  recommendations  and  radiation  level  improvements, 
the  comparison  is  indicative  of  significant  improvement. 

The  most  disturbing  revelation  of  the  studies  was  the  frequent  violations 
of  good  ventilating  practices.   Recirculation  of  air  in  primary  and  auxiliary 
circuits  was  found  all  too  often.   Leakage  was  a  problem,  especially  in 
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auxiliary  systems  utilizing  tubing.   Discharge  ends  of  tubing  were  sometimes 
too  far  from  production  areas  to  be  effective,  and  a  few  fans  were  found 
turned  off  because  of  someone's  discomfort.   Although  they  demand  constant 
attention,  conditions  such  as  these  should  be  easy  to  locate  and  correct. 
Only  minor  changes  in  the  present  systems  were  required  to  significantly  lower 
radiation  levels  in  a  number  of  instances. 

TABLE  2.  -  Summary  of  major  causes  of  high  radon-daughter  exposure  levels 


Relative 

cause  importance 

Major  causes 

At  individual 

mines1 

Overall2 

1 

2 

3 

4 

5 

6 

Unnecessary  acceptance  of  contamination  inflow 

2 

6 

6 

5 

1 

6 

26 

Poorly  designed  auxiliary  ventilation  systems 

(recirculation  or  improper  delivery  at  the 

face) 

5 

4 

4 

4 

4 

4 

25 

Insufficient  ventilation  quantity  (judged  on 

the  basis  of  efficient  distribution  and  util- 

ization of  available  air) 

4 

3 

3 

2 

6 

5 

23 

Series  ventilation  between  major  mining 

3 

6 

5 
1 

2 
5 

6 
1 

2 

5 

3 
1 

21 

Lack  of  directional  control  over  available  air 

19 

Main  operating  openings  in  return  air 

1 

2 

1 

3 

3 

2 

12 

■"•Cause  importance  at  each  mine  is  indicated  by  the  decreasing  range  6-1. 
Cause  importance  for  all  mines  is  indicated  by  the  decreasing  range  26-12, 
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ABSTRACT 

The  Bureau  of  Mines  studied  the  application  of  the  concepts  and  methods 
of  cost -benefit  analysis  to  the  problem  of  ranking  alternative  applied 
research  projects.   Procedures  for  measuring  the  different  classes  of  project 
costs  and  benefits,  both  private  and  public,  are  outlined,  and  cost-benefit 
calculations  are  presented,  based  on  the  criteria  of  probability  of  success 
and  internal  rate  of  return.   Because  of  increasing  concern  about  environmen- 
tal effects,  the  methodology  and  data  requirements  for  estimating  project- 
related  pollution  costs  are  discussed.   Also,  a  case  study  of  cost -benefit 
analysis  for  a  heavy  metals  program  is  presented. 

CONCEPTUAL  BACKGROUND 

In  a  market  system,  such  as  that  of  the  United  States,  prices  and  costs 
(which  are  nothing  but  the  prices  of  inputs)  serve  as  signals  to  firms  and 
individuals,  permitting  them  to  make  decisions  on  grounds  of  economic  effi- 
ciency leading  to  most  profitable  positions.  However,  there  are  many  situa- 
tions for  which  prices  do  not  exist  or  cannot  be  used  directly.   Cost -benefit 
analysis  has  been  developed  by  economists  to  interpret  these  situations. 

Cost-benefit  analysis  is  a  conceptual  and  empirical  technique  for  deter- 
mining which  of  several  courses  of  action  will  be,  in  some  sense,  most  profit 
able.   In  effect,  it  can  serve  the  same  purposes  as  a  marketplace.   Cost- 
benefit  analysis  has  most  often  been  applied  in  the  public  sector  where 
collective  goods,  like  national  defense,  or  indivisible  goods,  like  dams, 
are  being  provided.  More  recently,  it  has  come  to  be  used  to  evaluate  alter- 
native applied  research  programs .   This  information  circular  outlines  an 
approach  to  cost-benefit  study  for  applied  research  projects  of  the  type 
undertaken  by  the  Bureau  of  Mines. 


1Economist,  Bureau  of  Land  Management,  Washington,  D.C.;  formerly  with  Divi' 
sion  of  Mineral  Economics,  Bureau  of  Mines,  Washington,  D.C. 


Cost-Benefit  Analysis  and  Applied  Research 

The  methodology  used  here  for  measuring  the  economic  benefits  of  applied 
research  programs  takes  the  project  as  the  basic  unit  of  analysis,  and-uses 
the  project's  internal  rate  of  return  as  the  means  for  ranking  and  the 
probability-of-success  factor  as  a  means  of  offsetting  potential  "project 
myopia." 

However,  many  factors,  other  than  economic  benefits,  play  a  role  in 
determining  which  of  the  many  alternative  research  possibilities  will  be 
undertaken.   These  noneconomic  factors  develop  the  basic  parameters  within 
which  cost-benefit  analysis  is  used.2   Some  of  these  factors  are  (1)  the 
mission  and  role  of  the  organization,  (2)  the  existing  and  potential  capa- 
bilities of  scientific  and  technical  personnel,  (3)  the  necessity  for  main- 
taining a  core  program,  and  (4)  the  establishment  of  a  balanced  program. 

In  any  attempt  to  develop  a  coherent  and  comprehensive  research  program 
the  overall  process  of  evaluating  resources  and  objectives  must  be  broadly 
conceived.   However,  the  constraints  of  a  limited  budget  inevitably  necessi- 
tate compromises.   Cost-benefit  analysis  can  aid  in  choosing  both  among  vari- 
ous desirable  objectives  and  among  various  possible  routes  to  those  objectives 
by  comparing  alternatives  in  terms  of  a  common  denominator. 

The  methodology  presented  in  this  paper  is  designed  to  operate  within 
a  framework  of  appropriate  criteria  provided  by  the  decisionmaker  and  to 
respond  to  changes  in  such  basic  parameters  as  time  horizons,  input  limita- 
tions, technological  constraints,  and  assumptions  as  to  reasonable  invest- 
ment alternatives.  Although  cost-benefit  analysis  cannot  establish  these 
basic  parameters,  it  can  measure  the  likely  benefits  or  costs  of  projects 
designed  to  operate  within  them.   Thus,  cost-benefit  analysis  functions  as 
a  tool  to  assist  management  in  its  attempt  to  optimize  the  use  of  available 
funds . 

The  cost-benefit  methodology  developed  in  this  paper  is  intended  for 
applied  research,  which  normally  has  a  specific  goal  such  as  the  more  effi- 
cient utilization  of  a  scarce  resource,  increased  utilization  of  an  abundant 
resource,  or  reductions  in  environmental  pollution.   The  potential  benefits 
of  an  applied  research  project  can  be  predicted  and  evaluated,  both  because 
of  a  reasonable  degree  of  certainty  as  to  its  extent  and  area  of  impact,  and 
because  of  the  relatively  short  time  span  between  performance  of  the  research 
and  implementation  of  its  results. 


2For  a  more  detailed  treatment  in  this  area  see  Vogely  (1£,  pp.  28-38). 
(Underlined  numbers  in  parentheses  refer  to  items  in  the  Bibliography 
preceding  the  appendixes.) 


Analysis  of  pure  research,  on  the  other  hand,  usually  involves  the  con- 
sideration of  a  much  longer  time  span  with  far  less  certainty  as  to  the 
results'  area  and  degree  of  impact.   Theoretically,  the  techniques  of  cost- 
benefit  measurement  are  the  same  for  all  research,  but  discussion  will  be 
confined  to  applied  research  projects  owing  to  the  greater  degree  of  uncer- 
tainty involved  in  the  analysis  of  pure  research. 

Appendixes  A  and  B  are  included  to  provide  guidelines  and  examples  for 
measuring  a  project's  costs  and  benefits. 

Appendix  A  deals  with  pollution  costs  and  benefits;  it  provides  a  method- 
ology of  measurement  and  indicates  necessary  data  inputs.   Because  of  the 
flexible  nature  of  this  type  of  analysis,  the  guidelines  provided  are  of  a 
very  general  nature  and  may  be  varied  as  the  specifics  of  each  project 
analysis  require. 

Appendix  B  is  an  actual  case  study  performed  by  the  Bureau  of  Mines  in 
1967  and  shows  the  methodology  and  data  inputs  utilized  in  estimating  a  pro j - 
ect'r  direct  benefits.   No  attempt  was  made  to  quantify  external  costs  in 
this  appendix. 

Therefore,  appendixes  A  and  B  should  be  viewed  as  companion  documents 
providing  guidelines  on  overall  cost  and  benefit  quantification,  appendix  A 
on  a  project's  external  effects  and  appendix  B  on  a  project's  direct  effects. 

Types  of  Project  Costs  and  Benefits 

At  least  in  principle,  cost-benefit  analysis  can  take  into  account  all  of 
the  costs  entailed  and  all  of  the  benefits  created  by  each  alternative. 
Applied  research  projects  of  the  type  undertaken  by  the  Bureau  of  Mines 
entail  the  following  classes  of  costs  and  benefits: 

1.  Direct --increases  in  the  production  of  goods  and  services.  Measured 
in  dollar  terms. 

2.  External  (Spillover) -- 

A.  Pecuniary --offsetting  effects.   Not  included  in  calculations. 

B.  Technological -- 

(1)  The  adaptation  of  research  results  by  industries  other  than 

the  one  to  which  project  research  is  primarily  oriented. 
Represents  increases  in  the  production  of  goods  and 
services  by  these  industries.   Measured  in  dollar  terms. 

(2)  Changes  in  existing  levels  of  air,  water,  and  land  pollution. 

Measured  by  potential  effects  in  order  of  magnitude  terms , 
and  by  dollar  and  intangible  terms  where  applicable. 


(3)   Changes  in  existing  health  and  safety  conditions.  Measured 
by  a  combination  of  dollar  and  intangible  terms. 

3.  Secondary -- 

A.  National—offsetting  effects.   Not  included  in  calculations. 

B.  Regional --measured  in  dollar  terms  to  the  degree  practicable. 

4.  Intangible --described  in  qualitative  terms,  or  in  "at -least"  values. 

5.  Prescribed  goals --defined  by  policymaker;  such  considerations  as 
balance -of -payments . 

More  detailed  treatment  of  each  of  these  categories  is  presented  in  later 
sections . 

In  determining  project  benefits,  the  following  data  are  computed: 

1.  Direct  net  benefits  or  costs. 

2.  Net  benefits  or  costs  from  technological  spillovers  under  above 
category  B-l. 

3.  The  measurable  portion  of  costs  and  benefits  under  above  categories 
B-2  and  B-3. 

4.  Any  prescribed  benefits  or  costs  which  are  quantifiable.   Other 
project  aspects  should  be  subjected  to  a  separate  analysis  in  whatever  units 
of  measurement  they  may  be  quantifiable,  or  if  quantification  is  inappropriate, 
described  in  qualitative  terms.   The  most  important  of  these  aspects  include 
the  following: 

1.  Pollution  data  relating  to  pertinent  variables  and  levels  of  emission, 

2.  "At -least"  values  of  intangible  effects. 

3.  Regional  benefits  or  costs  (unless  prescribed  as  a  direct  project 
benefit) . 

4.  All  other  project  effects  not  measurable  in  any  quantitative  terms. 

Basic  Assumptions  and  Concepts  of  Cost -Benefit  Analysis 

The  concept  of  cost  used  in  this  paper  is  that  of  "opportunity  cost." 
An  opportunity  cost  is  the  cost  of  not  using  a  good  or  service  in  its  next 
best  use,  and  may  be  monetary  or  otherwise.   For  example,  the  "opportunity 
cost"  of  a  factor  of  production  is  monetary,  but  that  of  a  scenic  natural 
area  may  be  intangible. 


A  benefit  is  represented  by  a  direct  economic  gain,  the  elimination  of  a 
cost,  or  a  prescribed  benefit  such  as  a  balance -of -payments  improvement. 

Benefits  and  costs  are  measured  on  an  incremental  (marginal)  basis --the 
increment  is  the  value  of  an  increase  or  decrease  in  the  output  level  of  the 
unit  under  measurement.   For  example,  benefits  result  from  an  increase  in  the 
output  of  a  good  or  service,  as  well  as  from  a  decrease  in  the  level  of 
environmental  pollution.3 

In  compiling  project  costs  and  benefits,  all  effects  on  society  as  a 
whole  must  be  considered.   Total  project  benefits  and  costs  represent  the  sum 
of  costs  and  benefits  to  all  individuals,  or  groups  of  individuals,  affected 
either  directly  or  indirectly  by  project  implementation. 

In  a  full -employment  economy,  all  shifts  in  the  utilization  of  factors  of 
production  that  do  not  contribute  to  the  incremental  change ,  but  that  occur  as 
a  result  of  this  change,  are  considered  offsetting.   Such  shifts  are  assumed 
necessary  for  the  economy  to  achieve  the  new  point  of  equilibrium.  Nonincre- 
mental  factor  shifts  are  therefore  ignored,  since  their  net  impact  in  terms  of 
overall  economic  efficiency  is  zero. 

All  goods  and  services  produced  as  a  result  of  any  research  project  and 
all  factors  of  production  have  a  value  only  to  the  extent  that  there  is  a 
need  and  demand  for  them.   The  market  price  reflects  this  need  and  demand 
most  accurately  and  should  be  accepted  as  the  value  to  the  degree  practicable. 
Eckstein  (8>,   pp.  24-25)  describes  this  valuation  operation  as  follows: 

Costs  are  determined  by  factor  prices  and  by  the  technical 
conditions  of  production,  where  factor  prices  reflect  con- 
sumer's willingness  to  supply  the  factors  as  well  as  the 
value  of  the  factors  in  the  production  of  other  commodi- 
ties. .  .  .   The  benefit  of  a  commodity  is  simply  its  value 
to  the  consumer.   But  in  equilibrium  the  consumer  will  spend 
his  income  in  such  a  way  that  the  marginal  rates  of  substi- 
tution are  equal  to  relative  prices,  that  is,  the  relative 
values  of  commodities  at  the  margin  are  equal  to  the  relative 
prices ,  and  if  we  pick  one  commodity  as  a  common  denominator 
for  the  relative  prices  and  benefits,  we  can  say  that  the 
resultant  absolute  benefit  of  a  commodity  is  equal  to  the 
price  which  the  consumer  pays.   Thus  benefit  is  a  measure  of 
value  and  reflects  consumers'  willingness  to  allocate  income 
to  the  purchase  of  the  commodity.  .  .  . 

All  specific  goods  and  services  should  be  valued  on  the  basis  of  market 
prices  expected  to  prevail  at  the  time  costs  are  incurred  and  benefits 
realized.  However,  a  constant  average  price  level  should  be  assumed  for  each 
project  time  horizon.   Such  an  assumption  neutralizes  the  impact  of  any 
general  inflationary  or  deflationary  trends ,  trends  which  increase  or  decrease 

aFor  a  discussion  of  increments  to  the  national  dividend  in  terms  of  marginal 
social  net  product  and  marginal  private  net  product,  see  Pigou  (16) , 
especially  pages  131-135. 


the  monetary  value  of  projects'  costs  and  benefits  without  affecting  their 
value  in  relation  to  other  products. 

Applied  research  costs  should  be  determined  by  the  most  accurate  means 
available,  such  as  project  appropriations,  or,  when  different  from  appropriated 
funds,  actual  disbursements. 

Internal  rate  of  return  is  the  objective  function  to  be  maximized,  and 
the  measure  by  which  projects  are  to  be  ranked.   These  rates  are  to  be  calcu- 
lated for  all  costs  and  benefits  measurable  in  dollar  terms  by  reducing  the 
value  of  future  net  benefits  to  a  present  worth  of  zero.   This  is  explained 
in  detail  in  the  following  section. 

THE  MEASUREMENT  OF  COSTS  AND  BENEFITS 

Direct  Benefits  and  Costs 

Bureau  of  Mines  applied  research  projects  are  undertaken  in  response  to 
anticipated  needs  in  mineral  supply  and  demand  and  are  designed  to  result  in 
a  technology  which  will  permit  (1)  a  cost  reduction  in  producing  an  existing 
product  and/or  (2)  the  development  of  a  new  product,  a  better  product,  or  a 
new  use  for  an  existing  product.   In  such  cases,  the  direct  benefits  are 
measured  by  the  estimated  incremental  output  of  the  associated  good  or  service,  ; 
less  associated  costs. 

Eckstein  describes  the  calculation  of  benefits  (in  a  full -employment 
economy)  as  follows  (8,  pp.  24-25): 

The  term  "benefit"  has  been  applied  on  a  per  unit  basis,  corre- 
sponding to  price.   More  commonly,  it  is  used  for  a  specific 
quantity  of  a  commodity,  analagous  to  the  concept  of  total 
revenue.   Thus  we  speak  of  the  benefit  of,  say,  10  units  of  X; 
if  the  price  of  X  is  $3,  the  benefit  of  the  10  units  is  $30.  .  .  . 
Thus  a  certain  change  in  design  of  a  dam  may  add  10,000  units  of 
output  which  may  be  worth  $3  each.  The  benefit  of  the  change 
will  be  $30,000.  According  to  the  fundamental  rule  of  profit  and 
welfare  maximization,  the  change  should  be  undertaken  if  its  costs 
is  less  than  or  equal  to  $30,000.  ...   We  can  then  ....  say 
that  marginal  benefits  must  equal  or  exceed  marginal  costs,  and 
apply  it  to  whatever  may  be  the  smallest  possible  quanta  of 
decision  making. 

This  rule  must  be  applied  to  all  marginal  production  decisions  in 
the  economy,  whether  they  are  made  by  private  or  by  public  enter- 
prises .   In  the  former  case,  profit  maximization  will  drive  firms 
to  abide  by  the  rule;  for  public  undertakings,  attainment  of  an 
efficient  allocation  of  resources  requires  that  the  Government 
agencies  devise  their  project  plans  and  make  their  project  choices 
on  the  basis  of  criteria  which  produce  the  same  result.   (emphasis 
added) 


Under  full  employment  and  free  market  conditions,  an  increase  in  national 
efficiency  occurs  only  with  an  increase  in  the  output  of  some  good  or  service; 
the  benefit  of  the  increased  output  is  its  value  in  the  marketplace. 

An  increase  in  production  represents  the  shift  of  economic  resources  to 
a  more  efficient  use,  benefiting  both  consumers  of  the  output  and  the  factors 
of  production  that  represent  the  inputs  necessary  to  obtain  the  increase  in 
production. 

To  attract  consumers,  economic  inputs  utilized  in  producing  the  incre- 
mental output  must  be  more  efficient  in  satisfying  the  consumers'  wants  and 
needs  than  economic  inputs  employed  in  the  production  of  present  alternative 
putputs .  When  this  greater  efficiency  occurs,  consumers  benefit  to  the 
extent  that  they  shift  to  the  new  production.  The  value  of  this  benefit  is 
measured  by  what  consumers  are  willing  to  pay--the  worth  of  the  incremental 
output  in  the  marketplace. 

Factor  income  increases  to  the  extent  that  factor  value  increases . 
Producers  bid  for  needed  factors  of  production  to  attract  them  from  alterna- 
tive uses  by  offering  a  price  in  excess  of  what  these  factors  previously 
obtained  in  their  next  best  alternative  employment;  this  excess  price  is 
the  factors'  opportunity  cost.   Producers  are  able  to  pay  a  higher  price 
because  increased  factor  efficiency  in  the  new  use  (as  opposed  to  the  next 
best  alternative  use)  justifies  the  increase. 

The  gross  benefit  of  an  increase  in  production  is  the  sum  of  the  benefit 
to  the  consumer  plus  the  benefit  to  the  factors  of  production.  Associated 
costs  (producers'  payments  to  necessary  factors  of  production)  must  be 
deducted  from  the  gross  benefit  to  obtain  net  benefit,  the  benefit  to  the 
consumer  of  the  new  output. 

If  the  incremental  production  is  an  inefficient  alternative,  consumers 
will  not  purchase  the  output,  and  producers,  in  turn,  will  not  receive  an 
adequate  rate  of  return  on  their  investment.   In  this  case,  producers  will 
return  to  previous  levels  of  production,  and  factors  engaged  in  producing 
the  inefficient  incremental  output  will  return  to  alternative  endeavors. 

A  recently  completed  study  Department  of  the  Interior  (4)  illustrates 
the  measurement  of  expected  direct  benefits.   The  objective  of  the  study  was 
to  evaluate  two  alternatives  (shale  oil  and  crude  oil)  for  meeting  the 
Nation's  future  oil  needs  in  terms  of  present  value.4  Basically,  estimates 
were  made  of  net  benefits  added  to  the  economy  by  each  alternative. 


4The  concept  used  in  this  evaluation  is  the  "with  and  without"  principle --the 
identification  of  costs  and  benefits  which  result  from  a  change  in  the  path 
of  the  economy  occasioned  by  a  particular  project.  Application  of  this 
principle  forecloses  a  fallacious  use  of  the  "before  and  after"  comparison, 
a  comparison  which  may  credit  a  project  with  effects  which  occur  only 
because  of  the  passage  of  time  or  for  other  reasons  irrelevant  to  project 
evaluation. 


Direct  benefits  stem  from  actual  production.   And  since  consumers  have  no 
preference  between  shale  oil  and  crude  oil  at  identical  prices,  shale  oil  will 
be  produced  only  when  it  is  as  cheap  or  cheaper  than  crude  oil.  Therefore, 
the  direct  benefit  of  shale  oil  research  designed  to  provide  the  basis  for 
economic  production  is  the  present  value  of  the  net  returns  created  by  "esti- 
mated shale  oil  production.   (In  no  case  is  the  cost  difference  between  alter- 
natives the  measure  of  project  benefits.) 

An  analogy  to  a  problem  in  dam  construction  is  useful  for  illustrating 
the  correct  procedure  for  measuring  direct  benefits.  Given  that  a  dam  is 
needed  in  a  specific  site  (given  that  more  oil  should  be  produced) ,  which  is 
the  more  efficient  alternative,  dam  A  or  dam  B  (crude  oil  or  shale  oil)? 
After  determining  the  costs  and  benefits  of  constructing  dam  A  (producing 
crude  oil)  and  the  costs  and  benefits  of  constructing  dam  B  (producing  shale 
oil),  the  two  alternatives  can  be  compared  in  terms  of  their  respective  bene- 
fits and  costs. 

Unlike  the  dam  example,  however,  the  oil  shale  analysis  is  not  a  matter 
of  comparing  proposed  alternatives;  rather,  a  proposed  alternative  is  compared 
with  an  existing  alternative  or  alternatives. 

Therefore  estimating  benefits  for  oil  shale  requires  a  judgment  of  the 
marketability  of  products  derived  from  shale  oil.   It  is  not  necessary,  how- 
ever, to  determine  production  costs  of  all  possible  competing  goods.  All  that 
is  required  is  to  determine  when  technology  would  permit  shale  oil  to  sell  at 
a  competitive  price --a  price  which  permits  market  penetration  and  also  pro- 
vides a  competitive  rate  of  return  to  prospective  investors. 

In  the  study  described,  all  costs  and  benefits  were  evaluated  in  terms 
of  the  common  denominator  of  dollars.   The  dollar  measure  is  most  convenient, 
but  in  some  cases  direct  benefits  and  costs5  are  only  quantifiable  in  terms 
other  than  dollars.   For  example,  measurements  of  water  flow  or  user-days  are 
available,  but  the  monetary  value  of  such  terms  is  unknown;  these  terms  are 
called  incommensurables .   While  they  are  beyond  the  scope  of  this  paper, 
methods  are  available  to  utilize  physical  data  in  cost-benefit  analysis.6 
Unless  there  is  no  other  alternative,  incommensurables  should  not  be  relegated 
to  the  category  of  "intangible  benefits  and  costs"  (which  are  discussed  in  a 
later  section) . 

It  is  emphasized  that  direct  benefits  are  the  net  benefits  of  the  incre- 
mental output  associated  with  a  specific  alternative,  not  the  net  difference 
in  benefits  between  the  superior  and  the  next  best  alternative. 


50r  spillover  effects.   See  the  following  section. 

6Hitch  and  McKean,  (11,  p.  182),  describe  effects  not  measurable  in  dollar 
terms  as  "incommensurables,"  and  those  not  measurable  in  any  appropriate 
quantitative  terms  as  both  "incommensurable"  and  "intangible."  For  another 
discussion  of  incommensurables  see  Devine  (23) .  Alternatively,  the  "at 
least"  method  described  in  this  paper  can  be  utilized. 


External  or  "Spillover"  Effects 

McKean,  in  his  book  on  benefits  and  costs  (14,  pp.  134-135),  describes 
spillover  effects  as  follows: 

Spillover  effects  .  .  .  are  impacts  of  actions  by  some  decision- 
making units  on  the  activities  of  others,  impacts  that  are  not 
directly  felt  by  the  first  group.   In  economics,  such  spillovers 
are  often  labeled  "external  economies"  and  "external  diseconomies." 
These  terms  sometimes  refer  to  changes  in  the  costs  of  a  firm 
resulting  from  an  expansion  to  the  rest  of  that  industry.   In  a 
more  general  sense,  they  refer  to  uncompensated  effects  on  the 
costs  or  receipts  of  one  group  of  firms  caused  by  the  actions 
of  any  other  set  of  firms.  As  explained  before,  the  term 
"spillover"  is  used  here  to  embrace  all  of  these  types  of 
external  effects,  whether  they  are  economies  or  diseconomies, 
whether  the  cause  is  an  industry's  action  or  a  Government 
investment,  whether  the  effect  is  on  a  branch  of  the  Government 
or  an  individual. 

McKean  distinguishes  two  types  of  spillovers,  pecuniary  and  technological, 

Pecuniary  Spillovers 

Pecuniary  spillovers,  the  impact  of  actions  by  one  group  on  the  activi- 
ties of  other  groups,  are  consequences  that  do  not  affect  the  units  of  output 
that  can  be  obtained  from  a  firm's  physical  inputs.  McKean  classifies  pecu- 
niary spillover  into  four  groups  (14,  pp.  137-141):   (1)  Bidding  up  factor 
rates  of  hire;  (2)  cutting  down  prices  of  substitute  products;  (3)  raising 
prices  of  complementary  products;  and  (4)  lowering  the  price  of  the  output. 

The  concept  of  pecuniary  spillovers  is  illustrated  by  the  following 
example: 

Assume  that,  as  industry  X  implements  the  results  of  an  applied  research 
project,  industry  Y  (producers  of  a  competitive  good)  drops  the  price  on  its 
output  in  an  effort  to  minimize  or  prevent  the  loss  of  markets  to  industry  X. 
The  annual  production  figures  of  industry  Y,  without  and  with  a  price  decrease 
of  $0.50  per  unit   (all  figures  assumed),  are  as  follows: 


Price 

Production, 
units 

Capital 
costs 

Operating 
costs 

Total 
costs 

Revenue 

Profit 

Without 

With 

$3.00 
2.50 

$10.00 
10.00 

$10.00 
10.00 

$10.00 
10.00 

$20.00 
20.00 

$30.00 
25.00 

$10.00 
5.00 

As  shown  in  these  new  figures ,  producers  have  reduced  their  profits  by  $5 
in  order  to  absorb  the  decline  in  revenue;  the  industry  cash  flow  has  been 
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reduced  $5,  and  in  theory  the  industry  now  has  $5  less  to  reinvest  in  new 
facilities  .7 

Consumers  of  product  Y  may  now  purchase  the  output  at  a  lower  per-unit 
cost.   The  price  reduction,  therefore,  benefits  consumers  of  product  Y*by  $5. 

The  above  situation  shows  a  transfer  of  income,  which  favors  current 
consumers  at  the  expense  of  future  investment  in  industry  Y.   No  increase  in 
economic  efficiency  has  occurred.   Through  the  workings  of  the  marketplace, 
the  lowered  rate  of  return  discourages  additional  investment  in  product  Y 
because  of  the  new  competition  from  product  X.  An  income  transfer  of  this 
type  is  not  a  project  benefit.   To  be  regarded  as  a  benefit,  the  explicit 
assumption  must  be  made  that  society  values  a  given  sum  of  money  in  the 
hands  of  consumers  more  highly  than  in  the  hands  of  investors.   This  in 
general  cannot  be  assumed,  and  the  transfer  must  be  treated  as  an  offsetting 
shift  in  economic  resources  engendered  by  the  decrease  in  the  price  of 
product  X  . 

The  question  might  be  asked,  What  if  the  reduction  in  the  price  of 
product  Y  also  leads  to  an  increase  in  its  output;  is  this  not  a  benefit? 
The  answer  is  no,  for  no  increase  can  occur  if  all  firms  in  the  economy  are 
in  a  least -cost  position,  which  is  the  position  any  rational  firm  would 
strive  to  achieve.   Therefore,  in  the  absence  of  a  real  cost  reduction  (the 
case  in  pecuniary  spillovers) ,  any  price  cut  by  industry  Y  reduces  cash  flow, 
and  hence  the  rate  of  return.   This,  in  turn,  reduces  industry  ability  to 
attract  new  investment  funds  with  which  to  expand  (investment  funds  would  flow 
to  industry  X  and  other  industries  offering  more  attractive  rates  of  return). 
Over  the  long  run,  in  absence  of  an  offsetting  technological  advance,  industry 
Y  has  no  choice  but  to  seek  a  new  equilibrium  at  a  point  where  production 
levels  just  reflect  the  increased  competitiveness  of  product  X. 

This  is  classified  under  McKean's  second  category—cutting  down  prices 
of  substitute  products  (from  industry  X's  point  of  view).   No  examples  of  the 
other  categories  are  presented,  because  it  is  felt  the  example  given  ade- 
quately illustrates  the  concept  of  pecuniary  spillovers.   It  is  important 
to  remember  that  pecuniary  spillovers  are  not  included  in  project  cost-benefit 
calculations . 

Technological  Spillovers 

Unlike  pecuniary  spillovers,  there  is  little  doubt  that  technological 
spillovers --those  which  affect  the  physical  outputs  that  other  producers  can 
get  from  their  physical  inputs --should  be  included  in  all  cost-benefit  calcu- 
lations.  Several  different  types  of  technological  spillovers  are  described 
in  the  following  sections.8 

7In  any  accounting  year,  depreciation  and  profits,  when  added  together,  equal 

cash  flow. 
80nly  the  major  technological  spillovers  are  considered.   In  practice,  many 

technological  spillovers  are  too  trivial  or  nebulous  to  warrant  attention. 
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On  Other  Industries 

The  adaptation  of  research  results  by  industries  other  than  the  one  to 
which  the  research  project  is  primarily  oriented  is  of  course,  the  most 
obvious  technological  spillover.   Technological  spillovers  may  affect  the 
production  possibilities  of  a  variety  of  industries,  both  competitive  and 
noncompetitive.   The  only  test  is  that  the  resulting  costs  or  benefits  be 
specifically  attributable  to  the  project. 

Using  an  industry  X-industry  Y  example,  let  it  be  assumed  that,  as  in 
pecuniary  spillovers,  the  price  of  product  X  drops  $0.50  per  unit  because  of 
research  on  product  X.  This  time,  however,  price  drops  because  a  technologi- 
cal advance  occasioned  by  industry  X  research  is  also  adopted  by  industry  Y. 
The  resulting  increase  in  efficiency  allows  industry  Y  to  pass  along  a  cost 
savings  in  the  form  of  a  price  reduction.  Also,  unlike  the  pecuniary  spill- 
over example,  the  real  cost  reduction  allows  industry  Y  to  remain  competitive 
in  capital  markets,  thus  able  to  increase  output  in  order  to  achieve  their 
new  least-cost  position.9 

In  this  case,  "without"  and  "with"  production  figures  of  industry  Y  are 
as  follows  (it  is  assumed  that  production  increases  one  unit  after  the  price 
decrease) : 


Price 

Production, 
units 

Capital 
costs 

Operating 
costs 

Total 
costs 

Revenue 

Profit 

Without 

With 

$3.00 
2.50 

10 
11 

$15.00 
15.00 

$10.00 
5.50 

$25.00 
20.50 

$30.00 
27.50 

$5.00 
7.00 

Here,  the  increased  output  of  industry  Y  represents  a  spillover  benefit 
of  the  industry  X  research  project.   The  benefit  is  the  value  of  the  incremen- 
tal output  (1  unit)  less  associated  costs.   In  this  case,  one  unit  is  worth 
$2.50;  associated  costs  are  $0.50  per  unit;  and  the  net  benefit  is  $2. 


The  $0.50  increase  in  operating  costs  represents  the  opportunity  cost 
necessary  to  obtain  new  goods  worth  $2.50.   Capital  costs  are  not  included  in 
incremental  costs,  because  industry  Y  production  is  assumed  to  be  below  capac- 
ity. In  such  a  case,  capital  costs  represent  sunk  costs,10  existing  whether 
or  not  the  extra  unit  is  produced.   This  example  of  a  firm  operating  below 
capacity  is  not  meant  to  be  taken  as  a  typical  case,  and  is  used  for  purposes 
of  simplification  only.  When  additional  capital  costs  are  involved  (a  firm 

9Note  the  supplementary  role  that  possible  technological  and  pecuniary  spill- 
overs play  in  determining  the  ability  of  product  X  to  increase  output. 
Pecuniary  spillovers  tend  to  decrease  the  reaction  ability  of  industry  Y, 
and  serve  to  increase  the  direct  benefits  flowing  from  industry  X.   Tech- 
nological spillovers,  on  the  other  hand,  tend  to  increase  the  competitive 
position  of  industry  Y,  decreasing  the  direct  benefits  from  industry  X, 
but  increasing  project  spillover  benefits  as  industry  Y  also  expands 
production. 
10 See  Hitch  and  McKean  (11,  pp.  172-173)  for  a  brief  but  penetrating  discus- 
sion of  the  treatment  of  sunk  costs  in  cost-benefit  analysis. 
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operating  at  capacity),  they  are,  in  effect,  spread  over  the  total  volume  of 
additional  production  and  are  reflected   in  the  internal  rate  of  return. 

The  major  distinction  between  this  example  and  the  previous  pecuniary 
spillover  example  is  that  real  costs  of  product  Y  have  decreased,  and  there- 
fore producers  of  both  product  X  and  product  Y  have  gained.   The  tabulation's 
total  costs  column  reflects  this  real  gain.   In  the  pecuniary  example,  the 
total  costs  of  industry  Y  are  $20  in  both  the  with  and  without  examples;  in 
the  technological  example,  the  total  costs  of  industry  Y  decline  from  $25  to 
$20.50. 

Without  the  additional  unit  of  goods,  no  national  benefit  would  result, 
'only  a  transfer  of  income.   The  factors  of  production  decline  in  value  by 
$5,  and  consumers  of  product  Y  benefit  by  $5.  As  in  direct  benefits,  output 
must  increase,  and  the  resulting  benefit  is  the  value  of  this  output  in  the 
marketplace,  less  associated  costs. 

Other  Technological  Spillovers 

Production  activities  not  directly  related  to  the  output  of  goods  and 
services ,  but  which  affect  other  economic  units  or  society  as  a  whole  must  be 
considered.  Although  these  external  effects  can  be  either  costs  or  benefits, 
they  are  most  often  costs.   Such  external  costs  are  borne  by  society  whenever 
some  private  firm  (or  public  agency)  is  able  to  avoid  paying  directly  for 
costs  and  passes  them  on  to  other  economic  units --either  consumers  or  other 
private  firms. 

The  objective  of  cost-benefit  analysis  in  this  area  is  to  determine  the 
external  impact  of  applied  research  projects,  and  to  treat  such  impacts  as 
project  costs  or  benefits. 

From  the  types  of  projects  undertaken  by  the  Bureau  of  Mines,  such 
external  technological  spillovers  commonly  involve  (1)  changes  in  the  exist- 
ing levels  of  air,  water,  and  land  pollution,  and  (2)  changes  in  existing 
health  and  safety  conditions.11 

Changes  in  Pollution  Levels. --If  factory  X,  located  on  a  river,  emits 
industrial  waste  into  this  river,  the  economic  inputs  of  firms  and  consumers 
located  downstream  increase  in  cost.   Other  water  consumers  (such  as  munici- 
palities, plants,  farmers)  must  now  pay  more  for  inputs  to  clean  up  their 
outputs  (drinking  water,  agricultural  and  manufactured  goods),  resulting  in 
increased  output  cost.   In  this  case,  then,  factory  X  has  inflicted  external 
costs  on  downstream  users. 

11  Project  orientation  is  the  prime  consideration.   When  project  objectives  are 
oriented  towards  increases  in  the  production  of  goods  and  services, 
ensuing  changes  in  health  and  safety  conditions  represent  technological 
spillovers.   When  projects  are  primarily  oriented  towards  improving 
health  and  safety  conditions,  such  improvements  represent  direct  benefits. 
This  is  mainly  a  classification  problem,  however,  as  the  benefits  or 
costs  are  measured  similarly  in  either  case. 
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Neglect  of  external  costs  will  cause  resource  misallocation,  a  barrier  to 
economic  efficiency.  For  example,  if  firm  X  neglects  the  external  costs 
associated  with  waste  emittants ,  its  decision  as  to  how  much  to  produce  and 
what  technology  to  use  is  correspondingly  affected. 

If  a  firm  neglects  external  costs,  it  may  produce  too  much  or  employ  a 
technology  that  is  excessively  wasteful.   The  incremental  cost  of  producing 
another  unit  of  goods  may  be  greater  than  the  market  price  of  that  good.   In 
this  case,  when  all  costs  of  production  are  considered,  society  is  giving  up 
other  products,  that  could  have  been  produced  in  return  for  a  unit  of  goods 
which  is  less  valuable.   The  result  is  resource  misallocation. 

The  use  of  water,  land,  and  air  as  natural  resources  assumes  two  value 
dimensions:   environmental  support  and  waste  disposal,  both  necessary  and  use- 
ful functions.  However,  owing  to  the  limited  nature  of  these  resources,  the 
increased  use  of  one  function  can  often  occur  only  at  the  expense  of  the 
other.  At  some  point,  the  benefits  to  be  obtained  from  the  increased  use  of 
one  function  will  be  exceeded  by  the  costs  incurred  from  the  decreased  use 
of  the  other;  from  a  strictly  economic  point  of  view,  it  is  at  present  dif- 
ficult to  say  precisely  when  this  point  is  reached. 

However,  recent  actions  and  statements  of  the  Legislative  and  Executive 
Branches  of  the  Federal  Government,  as  well  as  of  other  public  bodies,  indi- 
cate that  the  public  in  this  country  is  opting  for  more  stringent  pollution 
control.   Therefore,  it  is  assumed  that  any  action  which  decreases  the  need 
to  employ  our  water,  air,  and  land  resources  in  their  waste  disposal  function 
can  be  treated  as  a  benefit,  and  any  action  which  increases  the  use  of  the 
waste  disposal  function  as  a  cost,  unless  specific  economic  analysis  shows 
otherwise. 

The  necessity  for  relying  on  the  political  process  as  a  proxy  for  empiri- 
cal analysis  of  pollution's  cost -benefit  effects  is  highlighted  in  a  recent 
study  by  Ridker  on  air  pollution  (17,  p.  159): 

Admittedly,  without  an  estimate  of  the  pollution  costs,  the  policy- 
maker must  base  his  decision  solely  on  his  assessment  of  the  finan- 
cial burden  the  electorate  will  bear.  ...  As  an  interim  solution, 
reliance  on  the  legislator  may  not  be  at  all  undesirable.   Since 
elected  representatives,  more  than  any  other  segment  of  our  society, 
are  attuned  to  the  attitudes  that  form  psychic  costs  ,  and  since 
psychic  costs  are  likely  to  be  a  large  portion  of  total  costs, 
their  assessment  may  not  be  too  far  from  the  mark.   In  any  event, 
given  the  experience  of  this  study,  there  may  be  no  other  solu- 
tion available  for  some  time  to  come. 

Not  only  the  field  of  pollution,  but  indeed  the  entire  spectrum  of  tech- 
nological externalities,  is  fraught  with  barriers  to  meaningful  quantifica- 
tion.  Brooks  comments  (21): 
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We  are  unfortunately  a  long  way  from  being  able  to  measure  all 
external  costs.   Even  the  effects  on  other  industries,  which  are 
relatively  easy  to  get  at,  have  seldom  been  evaluated.  ...  We 
certainly  have  little  idea  what  most  people  would  be  willing  to 
pay  to  avoid  damages  to  natural  terrain,  and  we  are  just  beginning 
to  get  some  ideas  on  how  they  value  recreation  resources. 

Despite  these  difficulties  ,  a  system  of  measurement  can  be  devised  to  pro- 
vide,  at  least,  an  order  of  magnitude  indication  for  potential  benefits  and 
costs  and  a  base  of  empirical  data  which  may,  at  a  later  date,  be  blended  into 
a  more  meaningful  measurement  system.12   One  phase  of  this  measurement  system 
is  to  establish  geographic  boundaries  within  which  the  pollution  sources  under 
analysis  are  expected  to  have  their  major  impact.  Once  the  pollution  impact 
boundaries  are  established,  the  size  and  value  of  certain  variables  can  be 
determined --variables  such  as  population,  crops,  and  livestock—which  are 
believed  to  be  affected  by  changes  in  pollution  level.  Quantification  of  the 
variables  can  then  be  used  to  provide  some  order  of  magnitude  indication  for 
resulting  benefits  or  costs.  For  example,  given  that  a  certain  type  of  air 
pollutant  inflicts  damage  on  cattle,  an  X  amount  of  increase  in  this  pollutant 
will  result  in  greater  external  costs  in  an  area  in  which  1,000  cattle  are 
located  than  in  an  area  in  which  only  500  are  located.  A  detailed  discussion 
of  developing  the  necessary  methodology  and  data  for  implementing  this  system 
is  given  in  appendix  A. 

Pollution  Standards. --Pollution  standards  establish  certain  levels  of 
pollution  emission  in  a  given  area.   Economic  units  located  in  the  affected 
areas  must  confine  their  emission  rate  to  a  level  specified  in  the  standard. 

A  variety  of  public  bodies  are,  or  will  be,  involved  in  establishing  and 
enforcing  standards.   For  water,  each  of  the  50  States  is  currently  developing 
standards  with  the  assistance  of  the  Federal  Government.   For  air,  many  States 
and  lesser  jurisdictions  are  considering,  or  implementing,  a  variety  of  stand- 
ards.  The  Federal  Government  may  eventually  establish  national  standards  for 
certain  types  of  air  pollutants,  and  indeed,  has  already  done  so  in  the  case 
of  automobile  emissions.   Efforts  to  control  land  pollution  (for  example, 
solid  waste  and  strip  mining  activity)  are  contemplated  or  in  existence  in 
different  areas . 

Standards  serve  to  internalize  previously  external  costs,  and  such  costs 
are  quantified  and  become  subject  to  a  firm's  profit  and  loss  calculations. 
Therefore,  when  standards  exist,  the  entailed  costs  necessary  for  compliance 
are  available,  and  may  be  included  in  project  operating  and  capital  figures 
under  direct  costs.  Any  proposed  projects  which  contemplate  the  creation  of 
an  emission  level  of  such  magnitude  as  to  render  either  present  or  future 
compliance  economically  or  technologically  infeasible  will,  of  course,  not  be 

acceptable  for  funding. 

12 The  concept  of  "collective  goods"  is  a  major  justification  for  Government 

actions  in  our  economy.   Since  the  subjects  discussed  in  this  report  under 
"Other  Technological  Spillovers"  are  "collective  goods,"  it  becomes  espe- 
cially important  for  the  Bureau  to  achieve  some  degree  of  quantification 
in  this  area.   For  a  brief  discussion  of  "collective  goods"  and  the  accom- 
panying need  for  Government  initiative,  see  Dorfman  (7,  PP.  4-5). 
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Any  given  standard  should  not  be  treated  as  a  permanent  feature.   It  is 
expected  that  pollution  standards  will  be  revised  from  time-to-time  as  enforc- 
ing bodies  gain  additional  knowledge,  as  pollution  abatement  technology 
improves,  and  as  public  attitudes  towards  environmental  quality  fluctuate. 

It  is  necessary  to  remain  cognizant  of  these  likely  changes.  As  stand- 
ards are  revised  they  may  change  previously  computed  project  benefits  and 
costs  or  involve  a  time  period  of  some  length  for  emitters  to  achieve  com- 
pliance.  Care  must  be  taken  to  allow  for  any  resulting  external  costs  during 
the  period  before  compliance. 

Changes  in  Existing  Health  and  Safety  Conditions . --Improvements  in  work- 
ing conditions  create  benefits  by  increasing  the  quality  of  the  working 
environment. 

A  primary  objective  of  health  and  safety  research  is  to  reduce  the 
incidence  of  on-the-job  accidents.   These  accidents  create  costs  in  the  form 
of  (1)  hours  lost  from  work,  (2)  disability  of  a  severity  sufficient  to  pre- 
vent resumption  of  the  same  job,  and  (3)  death. 

Although  a  reduction  in  accident  rates  creates  benefits  not  fully  measur- 
able in  monetary  terms,  a  portion  of  these  benefits  is  measurable --the  value 
of  reductions  in  sick  pay,  disability  pensions,  death  benefits,  widow  pensions 
and  any  other  payments  made  as  a  result  of  temporary  incapacitation,  permanent 
disability,  or  death. 

A  system  of  measurement  can  be  illustrated  for  benefits  from  accident 
reduction.   Industry  X  implements  research  results.   The  preproject  accident 
rate  caused  an  average  of  100  hours  lost  from  work  per  year,  at  an  average 
hourly  rate  of  $2;   postproject  rates  are  expected  to  average  90  hours  per 
year,  at  a  rate  of  $2  per  hour.   The  benefit  derived  from  accident  reduction 
is  10  hours  per  year  at  $2  per  hour,  or  $20  per  year.   This  annual  benefit  is 
to  be  applied  to  each  year  of  the  project  time  span,  less  associated  costs -- 
the  costs  of  implementation. 

Any  intangible  (nonquantifiable)  benefits  of  the  change,  such  as  avoidance 
of  death  and  improved  worker  morale,  should  be  described  in  qualitative  terms 
under  the  section  on  intangible  benefits. 

Secondary  Benefits  and  Costs 

Secondary  benefits  and  costs  are  the  expansionary  effects  of  project 
direct  benefits.   They  differ  from  external  costs  and  benefits  in  that  they 
are  compensated  shifts  in  economic  resources;  that  is,  they  would  occur  in 
any  event,  regardless  of  project  implementation,  though  not  necessarily  in 
the  same  locale. 

Secondary  benefits  are  the  benefits  of  increased  employment,  income,  and 
investment,  and  they  occur  because  of  the  multiplier  effects  of  money  flows. 
The  multiplier  effect  is  the  ratio  between  an  increase  or  decrease  in  income , 
and  an  increase  or  decrease  in  new  capital  formation. 
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Secondary  national  benefits  are  not  usually  included  in  applied  research 
cost-benefit  calculations.   Secondary  regional  benefits  are  normally  calcu- 
lated and  submitted  as  supplementary  material,  and,  as  such,  are  not  included 
in  project  cash  flows  or  final  calculations  unless  specifically  identified  as 
a  prescribed  benefit. 

Secondary  National  Benefits 

Cost -benefit  analysis  assumes  "full -employment"  conditions  for  the  econ- 
omy.13  Such  an  assumption  is  consistent  with  the  near  "full -employment"  cond: 
tions  of  much  of  the  postwar  period.   Under  such  conditions,  secondary  projec 
effects  represent  only  the  shift  of  resources  to  alternative  activities  or 
locations  with  no  corresponding  increase  in  efficiency. 

Under  conditions  of  near  "full  employment,"  the  calculation  of  secondary 
benefits  is  not  undertaken  for  the  following  reasons: 

1.  As  only  a  few  resources  will  be  unemployed  or  underemployed --and  per- 
haps for  only  a  portion  of  the  project's  time  span--any  resulting  benefits 
will  be  quite  small  in  relation  to  total  project  benefits.   Secondary  national 
benefits  assume  an  important  role  only  when  a  significant  portion  of  all  natu- 
ral resources  are  projected  to  be  idle  over  most,  or  all,  of  the  project's 
time  span,  and  when  the  project  will  employ  previously  unemployed  resources.14 

2.  Uncertainty  creates  difficulty  in  projecting  the  rates  of  change  in 
resource  utilization  attributable  solely  to  the  research  project.  For  example 
it  cannot  be  a  priori  assumed  that  presently  unemployed  resources  will  remain 
so  in  the  absence  of  a  particular  research  project.   Such  assumptions  require 
considerable  knowledge  of  other  pertinent  variables  including  Federal  fiscal 
policy  and  other  proposed  or  planned  public  and  private  expenditures.   This 
requires  analysis  of  detail  on  such  scale  as  to  render  the  results  not  worth 
the  effort  in  "good  times."   In  addition,  the  unavoidable  uncertainties  can 
raise  questions  about  the  accuracy  and  meaningfulness  of  any  resulting 
calculations . 

Therefore,  cost-benefit  analysis  assumes  "full  employment."  Such  an 
assumption  classifies  secondary  national  benefits  as  offsetting  interregional 
transfers. 


i3Full  employment  is  the  condition  that  exists  when  all  who  are  able  and  will- 
ing to  work  can  find  remunerative  employment.   Persons  laid  off  or  chang- 
ing jobs  cause  a  certain  amount  of  frictional  unemployment  at  all  times. 
As  long  as  those  in  this  status  do  not  exceed  3  to  4  percent  of  the  labor 
force,  full  employment  is  generally  agreed  to  exist. 

14In  economic  terms,  employment  of  previously  unemployed  factors  of  production 
involves  no  social  cost.  Methods  have  been  devised  to  evaluate  projects 
undertaken  in  less  than  full  employment  conditions,  but  they  are  beyond 
the  scope  of  this  paper.   For  a  discussion  of  these  methods  see  Haveman 
and  Krutilla  (24). 
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Secondary  Regional  Benefits 

Regional  benefits  are  not  normally  included  in  the  summation  of  a  proj- 
ect's benefits  unless  the  regional  benefits  become  prescribed  benefits. 
Regional  benefits,  however,  represent  real  gains  to  the  areas  involved.   To 
allow  for  appropriate  consideration  of  these  gains  in  the  evaluation  of 
applied  research  projects,  potential  regional  benefits  can  be  measured  as  a 
supplement  to  a  cost-benefit  study.  Any  expansion  in  local  employment  and 
income,  as  well  as  any  additional  local  investment,  occurring  as  a  result  of 
the  project  are  to  be  counted.   To  do  this,  two  types  of  effects  must  be  dis- 
tinguished --one  -time  and  continuing.  One-time  effects  consist  of  increases  in 
employment  and  wages  in  the  local  area  due  directly  to  the  project  (normally 
the  construction  period).  Continuing  effects  are  the  indirect  results  of  the 
project,  and  consist  of  supplementary  economic  expansion  brought  on  by  the 
existence  of  the  project,  including  the  following  items: 

1.  Increases  in  jobs  and  payrolls  (other  than  those  occurring  as  a 
direct  result  of  the  project). 

2.  Present  per -capita  income. 

3.  Present  unemployment  rate. 

4.  Expansions  in  local  business  establishments  and  the  creation  of  new 
establishments . 

5.  Improvements  in,  or  expansion  of,  local  infrastructure,  including 
highways,  railroads,  docks,  and  piers,  and  also  airports. 

Intangible  Benefits  and  Costs 

Intangible  benefits  and  costs  are  those  project  effects  which  are  unmeas- 
urable  in  any  objective  and  generally  accepted  terms.15 

Care  should  be  taken  in  classifying  project  effects  as  intangibles.  The 
tendency  to  overload  this  category  at  the  expense  of  measurable -item  cate- 
gories is  a  common  one.  In  actuality,  the  number  of  completely  intangible 
effects  may  be  very  limited. 

There  are  many  project  effects  whose  absolute  values  may  be  in  principle 
unmeasurable.  However,  in  a  relatively  limited  context  these  effects  can  be 
included  in  tangible  benefit  categories  by  treating  them  as  explicit  project 
requirements.  Kneese  (13) ,  referring  to  water  pollution  control  programs, 
states: 

This  can  be  done  by  initially  treating  .  .  .  goals,  expressed  in 
physical  terms,  as  limits  or  constraints  upon  the  cost  minimization 
objective.  .  .  .   Conceivably  this  would  require  a  very  different 
combination  of  units  with  different  operating  procedures  than  a 

is See  footnote  12. 
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system  designed  without  constraints.   Presuming  the  constrains  are 
effective,  i.e.,  -  not  automatically  met  if  costs  are  minimized, 
they  would  result  in  a  higher  cost  system  than  could  otherwise  have 
been  achieved.   The  extra  cost  represents  the  limitation  which  the 
constraint  places  upon  the  objective. 

By  making  intangibles,  such  as  social  goals,  explicit  in  this  manner,  we 
may  calculate  their  minimum,  or  "at-least,"  value.  Kneese  (13,  pp.  34-35) 
explains  "at-least"  value  by  the  following: 

One  useful  way  of  stating  the  results  of  variation  of  constraints 
which  represent  goals  .  .  .  not  valued  directly  by,  or  imputable 
from,  the  market  .  .  .  is  in  terms  of  what  they  must  "at  least  be 
worth".  .  .  .   [By]  comparing  the  optimum  system  with  and  without 
the  constraint,  it  is  possible  to  indicate  what  the  LEAST  value  is 
that  must  be  attached  to  the  increment  of  pleasure  in  order  to  make 
that  level  of  control  procedures  worthwhile. 

In  mining,  for  example,  esthetic  considerations  may  require  an  underground, 
rather  than  an  open -pit  system,  the  least  (private)  cost  system,  for  a  given 
operation.  The  esthetic  values  so  preserved  must  be  worth,  in  dollar  terms, 
at  least  the  equivalent  of  the  increased  mining  costs  incurred. 

The  "at-least"  system  of  evaluation,  according  to  Brooks  (20,  p.  37), 
means  that , 

We  are  in  fact  putting  a  monetary  valuation  on  aesthetic  or  social 
goals  whether  or  not  we  like  to  think  of  it  that  way  .  .  .  Any 
restriction  or  regulation  that  is  placed  on  .  .  .  mining  .  .  . 
implies  an  evaluation.   Each  has  an  economic  cost  that  can  be  made 
explicit,  and  .  .  .  the  social  benefits  to  be  gained  by  imposition 
of  the  requirements  .  .  .  [should  be]  worth  AT  LEAST  this  much. 

Intangible  benefits  under  improved  health  and  safety  conditions  might 
include  a  decrease  in  lives  lost,  the  avoidance  of  discomfort  and  pain, 
improved  peace  of  mind  on  the  part  of  worker  families,  improved  worker  morale, 
increased  ability  on  the  part  of  industry  to  recruit  new  workers ,  improved 
labor  relations,  and  the  accrual  of  general  "good  will"  to  the  industry. 

All  possible  incommensurable  and  intangible  effects  cannot  be  neatly  cate- 
gorized. Their  scope  and  impact  will  vary  with  the  particular  project.  These 
effects  should  be  described  as  fully  as  possible  to  allow  for  their  subjective 
incorporation  into  the  final  decision -making  process.  Incommensurable  effects 
should  be  quantified  by  the  "at-least"  method  and  submitted  in  a  section  along 
with  other  qualitative  aspects. 

Prescribed  Benefits  and  Costs 

Certain  project  effects  will  create  costs  and  benefits  only  when  the 
effects  are  explicitly  stated  as  objectives  by  the  appropriate  decision  makers. 


19 


In  this  category  are  events  which  are  not  normally  considered  by  cost- 
benefit  analysis,  or  in  lieu  of  specific  assumptions,  not  deemed  national  in 
scope  and  are  automatically  excluded  from  project  calculations.   Some  of  the 
more  common  of  these  prescribed  effects  are  balance -of -payments  and  national 
security  effects.  When  these  effects  are  made  explicit  project  goals  they 
must  be  quantified  to  the  degree  practicable. 

Another  example  of  a  prescribed  effect  is  regional  economic  improvement. 
While  these  effects  are  normally  quantified,  they  are  not  reflected  in  project 
internal  rates  of  return.   Therefore,  when  such  effects  become  a  prescribed 
goal,  the  only  additional  step  required  is  to  incorporate  regional  benefits 
and  costs  into  the  final  project  calculations. 

In  some  cases  ,  the  benefits  such  as  national  security  may  not  be  measur- 
able, or  commonly  they  will  be  quantifiable  but  not  commensurable  with  other 
project  benefits  and  costs.   However,  the  cost  side  is  normally  quantifiable 
in  monetary  terms  and  therefore  subject  to  cost -minimization. 

COST -BENEFIT  CALCULATIONS 


Once  all  benefits  and  costs  are  calculated 
necessary  to  obtain  final  project  figures. 


three  additional  steps  are 


The  first  step  is  to  determine  the  acceptance  of  project  results  by  pri- 
vate investors.  For  this  step,  the  project  is  assumed  to  be  successful.   Sec- 
cond,  the  probability  of  success  allowance  is  determined.   And,  finally,  the 
internal  rate  of  return  must  be  calculated.   It  is  assumed  in  the  following 
discussion  that  direct  benefits  will  be  obtained  only  through  industrial  pro- 
duction following  Government  research;  in  some  cases,  benefits  may  rather 
require  action  by  another  public  agency,  but  this  does  not  alter  the  princi- 
ples involved. 

The  following  tabulation  will  be  used  throughout  for  illustrating  the 
necessary  calculations: 

Project  X,  Implemented  by  Industry  Y1 


Year 

Private  costs 

Project  costs 

Benefits 

1 

$100,000 

125,000 

100,000 

80,000 

40,000 

$25 ,000 

20,000 

10,000 

5,000 

2 

3 

$100,000 
150,000 

4 

5 

200,000 

6 

200,000 

Total 

445,000 

60,000 

650,000 

i These  figures  do  not  include  social  costs  and  benefits. 
Such  figures  will  be  introduced  at  the  appropriate 
time. 
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Industry  Acceptance 

Normally,  an  industry  will  implement,  or  accept,  the  results  of  an  applied 
research  project  only  when  the  required  investment  promises  to  yield  a  rate 
equal  to,  or  greater  than,  what  is  considered  the  normal  rate  of  return -avail- 
able from  alternative  investment  opportunities. 

Such  factors  as  the  market  rate  of  interest  and  industry  elasticity  of 
demand,  when  combined  with  other  considerations,  have  enabled  most  industries 
to  determine  their  normal  rate  of  return16   Industry  will  avoid  investments 
which  yield  a  rate  below  this  normal  rate,  unless  nonfinancial  considerations 
are  involved,  such  as  a  new  Government  regulation.   If,  when  all  project  bene- 
fits and  costs  are  discounted  at  a  rate  equivalent  to  the  industry's  normal 
rate  of  return,  the  project  has  a  positive  present  value,  it  will  be 
implemented. 

The  industry  evaluation  will  normally  involve  only  private  costs  and  bene- 
fits (not  Government  research  costs  and  not  external  effects).  Also,  the 
evaluation  will  cover  only  the  time  span  applicable  to  potential  private  inves- 
tors. This  time  span  will  in  all  cases  be  shorter  than  the  overall  project 
time  span,  because  industry  will  begin  investing  only  at  some  point  after  cul- 
mination of  the  research  effort. 

Following  is  an  example  of  the  necessary  calculations:   Project  X,  when 
implemented  by  industry  Y,  is  expected  to  create  the  following  direct  private 
costs  and  benefits17  over  the  project  time  horizon.   The  total  costs  of  imple- 
menting the  project  are  $445,000  and  the  benefits  are  $650,000.   (These  fig- 
ures do  not  include  Government  research  costs.) 


Private  costs  and  benefits 


Year 

Costs 

Benefits 

2 

$100,000 

125,000 

100,000 

80,000 

40,000 

_ 

3.. 

$100,000 
150,000 

4 

5 

200,000 

6 

200,000 

Total 

445,000 

650,000 

All  benefits  and  costs  must  now  be  discounted  at  industry  Y's  normal  rate 
of  return,  assumed  to  be  10  percent. 


16For  a  treatment  of  the  normal  rate  of  return  in  the  oil  industry,  see 
Solomon  (18). 

17Direct  costs  and  benefits  are  used  exclusively  here.   Project  external  costs 
or  benefits  do  not  normally  enter  into  industry  calculations.   One  excep- 
tion is  in  the  necessity  of  complying  with  pollution  standards.   Even  here 
however,  the  costs  necessary  to  achieve  compliance  will  be  included  in 
capital  costs,  and  therefore  reflected  in  direct  project  costs. 
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Present  Value 


(Benefits  and  costs  discounted  at  10  percent) 


Year 

Costs 

Benefits 

Net  benefits 

2 

$90,900 

103,250 

75,100 

54,640 

24,840 

$82,600 
112,650 
136,600 
124,200 

-$90,900 

3 

-20,650 

4 

+37,550 

5 

+81,960 

6 

+99,360 

Total 

348,730 

456,050 

+107,320 

The  discounted  figures  indicate  a  positive  present  worth  of  $107,320. 
Therefore,  the  project  offers  a  rate  of  return  greater  than  10  percent  and 
will  likely  be  implemented  by  industry. 

Probability  of  Success  Allowance 

The  probability  of  the  success  allowance  factor,  used  in  evaluation  of 
applied  research  projects ,  is  not  unlike  the  industry  acceptance  procedure 
just  described. 

At  any  time  there  exist  alternative  applied  research  opportunities,  each 
with  its  own  probability  of  achieving  success  as  measured  by  net  returns.   It 
is  necessary  to  make  allowance  for  these  varying  probabilities  if  projects  are 
to  be  evaluated  on  an  equal  footing.   Therefore,  estimated  project  benefits 
are  reduced  by  an  appropriate  factor,  in  effect  converting  estimated  benefits 
to  mathematical  expected  values. 

An  important  tool  in  probability  calculation  is  the  agency's  target  rate 
of  return.18  it  must  be  determined  prior  to  analysis  anc  used  as  a  common 
parameter  for  all  evaluations  undertaken  at  one  time. 

To  calculate  the  minimum  probability  of  success  figures  for  a  project, 
subtract  the  undiscounted  private  costs  from  the  undiscounted  benefits  to 
obtain  net  private  benefits.  Next,  the  probability  of  success  level  is  deter- 
mined that  renders  net  benefits  exactly  equal  to  costs,  when  both  are  dis- 
counted at  the  target  rate  of  return.  The  probability  of  success  level  can 
then  be  compared  with  an  expert's  judgment  of  the  project's  promise  of  success, 
If  the  minimum  success  level  is  higher  than  the  expert's  judgment,  no  further 
analysis  of  the  project  is  needed;  when  the  expert's  judgment  is  higher,  it  is 
used  in  the  subject  analysis. 


l8In  principle,  the  target  rate  of  return  should  equal  the  agency's  marginal 
internal  rate  of  return.   See  Vogely  (19,  p.  31). 
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The  time  stream  of  project  net  private  benefits  is  reduced  by  the  resid- 
ual of  the  promise  of  success  figure --the  promise  of  nonsucess  figure.19   The 
reduced  benefit  figures  are  then  used  in  the  internal  rate  of  return 
calculations. 

Using  the  previous  product  X-industry  Y  example  again  to  illustrate  these 
calculations,  net  private  benefits  equal  the  net  benefit  figure  obtained  by 
subtracting  undiscounted  private  costs  from  undiscounted  private  benefits,  as 
follows : 


Year 

Private 
costs 

Private 
benefits 

Net  private 
benefits 

2 

$100,000 

125,000 

100,000 

80,000 

40,000 

$100,000 
150,000 
200,000 
200,000 

-$100,000 
-25,000 

3 

4 

+50,000 

5 

6 

+120,000 
+160,000 

Total 

445,000 

650,000 

+205,000 

The  next  step  is  to  discount  the  net  private  benefit  stream  at  the  appro 
priate  target  rate  of  return  (assumed  here  at  7  percent) ,  and  compare  the 
total  to  Government  costs  discounted  at  the  same  rate.   This  calculation 
follows : 


Year 

Net  private 
benefits 

Net  private  benefits , 

present  value  at  7 

percent  discount 

Project  costs 

Project  costs, 

present  value 

at  7  percent 

discount 

1 

-$100,000 

-25,000 

+50,000 

+120,000 

+160,000 

-$93,500 
-21,825 
+40,800 
+91,560 

+114,080 

$25,000 

20,000 

10,000 

5,000 

$23,375 

2 

17,460 

3 

8,160 

4 

5 

6 

3,815 

Total. 

+205,000 

+131,115 

60,000 

52,810 

Once  this  calculation  is  completed,  it  becomes  relatively  simple  to  deter- 
mine the  minimum  probability  of  success  level,  which  in  this  case  is  the  ratio 
of  $52,810  (Government  project  costs)  to  $131,115  (private  benefits),  or  0.403. 
If  the  expert's  judgment  of  probability  of  success  is  higher  than  0.403,  the 
sum  of  the  discounted  net  private  benefit  flow  will  be  positive  for  the  proj- 
ect.  The  assumption  in  this  case  is  that  the  expert's  judgment  is  0.833.   Now 
the  time  stream  of  undiscounted  net  private  benefits  must  be  reduced  by  the 
promise  of  nonsuccess ,  assumed  to  be  0.167. 


19A  project's  promise  of  success  level  consists  of  two  parts,  the  probability 
of  success,  and  the  probability  of  nonsuccess.   The  two  when  added 
together  must  equal  1.00.   Thus,  a  project  with  a  probability  of  success 
of  0.667  must,  by  definition,  have  a  probability  of  nonsuccess  of  0.333. 
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Und is counted  net  private 

Year 

Und is counted  net 

benefits  after  deduction 

private  benefits 

of  probability  of  non- 
success  allowance 

2 ................. 

-$100,000 

-$83,300 

3.. 

-25,000 

-20,825 

4.. 

+50,000 

+41,600 

5.. 

+120,000 

+99,960 

6.. 

Total 

+160,000 

+133,280 

+205,000 

+170,765 

The  undiscounted  net  private  benefits  of  project  X,  after  allowances  for 
nonsuccess ,  are  $170,765.   Net  private  benefits,  which  includes  both  private 
benefits  and  costs,  is  the  time  stream  discounted  rather  than  gross  private 
benefits.  With  this  figure,  internal  rate  of  return  calculations  are 
undertaken. 

Internal  Rate  of  Return30 

Applied  research  projects  can  be  ranked  by  their  internal  rate  of  return. 
An  internal  rate  of  return  is  that  rate  of  discount  which  makes  the  present 
value  of  net  private  benefits  (after  allowance  for  nonsuccess)  equal  to  the 
present  value  of  costs. 

It  is  necessary  to  calculate  three  rates  of  return  for  each  project:  One 
using  only  direct  benefits  and  costs;  a  second  measuring  the  benefits  and 
costs  of  increased  output  because  of  the  adaption  of  research  results  by  other 
industries  (technological  spillover);  and  a  third,  using  both  calculations, 
but  also  including  other  quantifiable  technologic  externalities  such  as  land 
values  and  reductions  in  payments  for  lost  work  time.   The  first  step  is  to 
deduct  costs  from  the  time  stream  of  net  direct  private  benefits  to  obtain  net 
national  benefits  from  the  research  project,  as  follows: 


Year 

(1) 

Net  private  benefits 

(after  probability 

deduction) 

(2) 

Government 

project 

costs 

(3) 

Net  national  bene- 
fits from  research 
project 

1 

2 

-$83,300 

-20,825 

41,650 

99,960 

133,280 

$25,000 

20,000 

10,000 

5,000 

-$25,000 
-103,300 

3 

-30,825 

4 

+36,650 

5.. 
6.. 

Total 

+99,960 
+133,280 

+170,765 

-60,000 

+110,765 

2° There  are  a  variety  of  ways  for  calculating  project  profitability.  However, 
the  internal  rate  of  return  was  selected  for  ranking  projects  because  it 
tends  to  approximate  private  market  calculations  more  accurately  than  do 
other  measurements.   For  a  detailed  discussion  of  time  streams  and  crite- 
ria, including  a  treatment  of  the  problem  of  interrelated  investments  and 
internal  rates  of  return  see  McKean  (14,  pp.  74-93). 
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By  subtracting  column  2  from  column  1  above,  net  national  benefits  from 
the  research  project  are  obtained.   This  time  stream  must  now  be  reduced  to 
zero  to  present  value  at  time  period  0  to  obtain  the  internal  rate  of  return. 

By  a  process  of  trial  and  error,  the  internal  rate  of  return  is  approxi- 
mately 17.3  percent,  as  follows: 


Net  national  bene- 
fits from  research 
proiect 

Discounted  net  benefits 

Year 

17  percent 

18  percent 

1 

2 

3 

-$25,000 

-103,300 

-30,825 

+36,650 

+99,960 

+133,280 

-$21,375 

-75,512 

-19,235 

19,571 

45,582 

51,979 

-$21,175 
-74,169 
-18,772 

4 

5 

6 

18,911 
43  ,683 
49,314 

Total 

+110,765 

+1,010 

-2,208 

A  17-percent  rate  of  discount  yields  a  value  in  excess  of  zero;  and  an 
18 -percent  rate,  a  negative  present  value.   By  interpolation,  the  correct  rate 
is  approximately  17.3  percent. 

For  purposes  of  this  example,  it  is  assumed  that  project  X  employs  a  rela- 
tively unique  technology,  and  therefore  the  research  results  are  not  adaptable 
by  other  industries.   If  they  were,  any  ensuing  benefits  and  costs  would  be 
added  to  direct  benefits  and  costs  to  develop  a  combined  internal  rate 
of  return.   The  next  step  would  be  to  calculate  the  third  internal  rate,  where 
quantifiable  external  costs  and  benefits  are  inserted  into  the  appropriate 
flows . 

For  illustrative  purposes,  we  assume  the  following:   Project  X  involves 
the  disposal  of  waste  in  a  volume  sufficient  to  occupy  100  acres  of  land  per 
year.   The  next  best  use  value  of  this  land  is  $100  per  acre.   Therefore, 
project  X  creates  external  costs  at  the  rate  of  $10,000  per  year,  for  5  years, 

Project  X  also  creates  an  external  benefit  in  the  form  of  health  and 
safety  improvements.   Industry  Y,  after  implementing  this  project,  will  expe- 
rience a  reduction  of  $3,000  per  year  in  their  current  death  and  disability 
payments . 


To  prepare  external  costs  and  benefits  for  the  internal  rate  of  return 
calculations,  net  them  out  and  reduce  the  remainder  by  the  project  probability 
of  nonsuccess  factor  (0.167).   The  annual  net  figure  of  -$7,000  ($10,000  in 
external  costs;  $3,000  in  external  benefits),  when  adjusted  for  the  probabil- 
ity of  nonsuccess  factor,  is  -$5,831;  this  figure  is  now  inserted  into  the 
cash  flow  as  follows : 
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Year 

Original  net  national 

benefits  from  research 

pro  iect 

Net  external  costs 
(adjusted  for  proba- 
bility of  success)1 

New  net  national  bene- 
fits from  research 
proiect 

1 

-$25,000 

-103,300 

-30,825 

+36,650 

+99,960 

+133,280 

-$5,831 
-5,831 
-5,831 
-5,831 
-5,831 

-$25,000 
-109,131 

2 

3 

-36,656 

4 

5 

6 

+30,819 

+94,129 

+127,449 

Total 

+110,765 

-29,155 

+81,610 

1External  costs  and  benefits  do  not  begin  until  the  second  year  of  the  project 
time  horizon  because  this  is  the  year  when  the  project  is  actually 
implemented. 


With  these  figures,  an  internal  rate  of  return  can  be  obtained: 


New  net  national  bene- 
fits from  research 
projects 

Discounted  net  benefits 

Year 

12  percent 

13  percent 

1 

2 

-$25,000 

-109,131 

-36,656 

+30,819 

+94,129 

+127,449 

-22,325 
-86,977 
-26,099 
+19,601 
53,371 
64,616 

-22,125 
-85  450 

3 

-25  403 

4 

+18  892 

5 

+51  112 

6 

+61,176 

Total 

+81,610 

+2,187 

-1,798 

A  12 -percent  rate  of  discount  yields  a  value  at  time  0  in  excess  of  zero; 
a  13-percent  rate,  a  negative  present  value.   By  interpolation  the  correct  rate 
is  12.6  percent.   This  completes  the  calculation  of  all  needed  rates  of 
returns,  which  is  the  basis  for  ranking  alternative  projects. 

The  methodology  employed  in  this  report  for  calculating  the  costs  and 
benefits  of  applied  research  is  only  one  of  several  alternative  approaches 
available.   It  was  selected  because  it  provides  a  relatively  straightforward 
means  of  ranking  alternative  research  projects  on  the  basis  of  returns  to  the 
investment  dollar.   In  the  future,  as  experience  is  acquired  in  the  evaluation 
of  applied  research,  it  may  well  be  replaced  or  modified  by  alternative  meas- 
urement systems. 
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APPENDIX  A. --POLLUTION  COSTS  AND  BENEFITS  METHODOLOGY  AND  DATA  REQUIREMENTS 

Geographic  Parameters  and  Susceptible  Indigenous  Variables 

In  order  to  subject  pollution  to  cost-benefit  analysis,  different  geo- 
graphic boundaries  must  be  established  for  each  type  of  pollution,  since  the 
effects  and  impact  areas  of  air,  water,  and  land  pollution  vary  significantly. 

Air  pollution  tends  to  be  a  fairly  localized  phenomenon,  confined  to  the 
airshed  within  which  it  occurs.  Once  an  air  pollutant  is  carried  any  appreci- 
able distance  from  its  source,  sufficient  dilution  occurs  to  mitigate  much  of 
its  harmfulness. 

Water  pollution  tends  to  be  a  sequential  phenomenon,  with  widespread 
effects,  especially  in  the  case  of  nondegradable  pollutants.   Streams  of  water 
are  like  conduits,  carrying  persistent  types  of  pollution  far  downstream.  As 
more  pollutants  are  added  to  the  water,  the  sequential  effect  takes  over,  and 
the  level  of  pollution  increases  correspondingly. 

Land  pollution,  such  as  solid  waste  from  strip  mining  activities,  gene- 
erally  affects  only  its  immediate  environs,  because  such  types  of  pollution, 
unlike  air  and  water,  are  relatively  immobile. 

Based  on  these  considerations,  the  following  geographic  boundaries  are 
suggested  as  appropriate  for  measuring  potential  external  costs  and  benefits. 

Air  Pollution 

In  many  urban  air  pollution  studies,  the  pertinent  airshed  is  considered 
analogous  to  the  local  SMSA  (Standard  Metropolitan  Statistical  Area).   There- 
fore, for  the  purposes  of  uniformity  and  statistics  gathering,  when  the 
source  of  the  air  pollution  is  located  within  the  boundaries  of  an  SMSA,  these 
boundaries  shall  be  considered  the  pollutants1  geographical  limits. 

In  areas  where  a  SMSA  does  not  exist,  the  county  within  which  the  source 
of  pollution  is  located  shall,  in  most  cases,  be  the  applicable  boundary  of 
consideration.   In  cases  where  it  can  be  shown  that  commonly  prevailing  wind 
patterns  will  tend  to  spread  the  pollutant  into  neighboring  counties  on  fre- 
quent occasions,  all  affected  counties  shall  be  the  applicable  geographic 
limits. 

Water  Pollution 

In  the  absence  of  empirical  evidence  regarding  the  normal  range  of  these 
water-carried  pollutant  effects  (as  well  as  the  absence  of  the  convenient  sta- 
tistical gathering  parameters  which  exist  for  air  pollution) ,  a  25-mile  limit 
is  considered  the  appropriate  geographic  range;  that  is,  25  miles  downstream 
from  the  source  under  consideration.  All  sources  that  draw  water  from  the 
stream  within  this  boundary  should  be  specified  as  accurately  as  possible, 
from  whatever  sources  available.  For  example,  the  municipalities  using  the 
stream  as  a  source  of  drinking  water  can  be  determined  and  listed,  along  with 
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their  population.  At  the  minimum ,  a  general  description  of  the  geographic 
area  can  be  given,  such  as  classifying  it  as  generally  urban  or  rural,  and 
noting  the  extent  of  irrigation,  existing  and  potential  recreation  facilities. 
In  rural  areas,  it  is  usually  common  information  if  a  few  manufacturing  plants 
are  located  along  the  river;  the  plants  can  easily  be  specified.  In  addition, 
manufacturing  and  agricultural  information  for  the  counties  or  SMSA's  that 
border  the  river  within  the  25-mile  limit  can  be  presented  as  general  back- 
ground information. 

Beyond  the  25-mile  limit,  the  potential  effects  of  pollutants  can  only  be 
treated  in  a  marginal  sense  (especially  in  the  case  of  nondegradable  pollu- 
tants). The  analysis  for  nondegradable  pollutants  should  include  the  down- 
stream length  of  the  pertinent  water  body  beyond  the  cutoff  point,  as  well  as 
other  water  bodies  into  which  it  may  flow  (if  any)  and  their  length.  In  the 
case  of  degradable  pollutants,  the  estimated  additional  distance  the  pollutant 
must  travel  to  be  completely  degraded,  and  the  bodies  of  water  it  will  affect, 
should  be  included. 

Land  Pollution 

As  these  effects  are  localized,  a  description  of  the  immediate  environs 
of  the  pollution  location  should  be  included.  If  the  solid  waste  gives  off 
noxious  odors,  or  is  eventually  disposed  of  by  burning,  such  events  should  be 
considered  under  air  pollution.   If  it  is  eventually  disposed  of  by  dumping 
into  a  water  body,  such  events  should  be  considered  under  water  pollution. 

Also,  unlike  air  and  water  pollution,  the  external  costs  of  land  pollu- 
tion may  be  partially  quantified.   This  is  done  by  determining  the  next-best 
use  value  of  the  land  to  be  utilized  for  waste -disposal.   Such  quantification 
requires  data  on  indigenous  land  values,  estimates  of  the  total  acreage  to  be 
so  used,  and  the  annual  rate  of  use.   Order  of  magnitude  concepts  must,  none- 
theless, be  utilized  in  treating  esthetic  costs  inflicted  on  land  surrounding, 
but  not  directly  used  in,  the  waste  disposal  function.   Order  of  magnitude 
concepts  must  also  be  utilized  to  deal  with  esthetic  or  serendipity  values1 
contained  in  the  waste  disposal  land  itself,  values  which  may  not  be  reflected 
in  current  market  prices. 


1  Serendipity  values  are  predicated  on  the  existence  in  nature  of  a  balanced 
ecosystem  of  which  some  components  may  not  be  presently  known  or  utilized 
by  man  because  of  a  combination  of  inadequate  knowledge  and  technology. 
Therefore,  the  disturbance  of  any  previously  pristine  area  may  inflict  a 
serendipity  cost  of  unknown  proportions  on  society. 

The  serendipity  value  is  clearly  reflected,  for  example,  in  the  recent  deci- 
sion of  the  British  Government  not  to  construct  a  military  airbase  on  the 
Isle  of  Aldabra  in  the  Indian  Ocean,  for  fear  of  destroying  a  unique  indig- 
enous ecology. 

For  a  more  detailed  treatment  of  the  serendipity  concept,  see  Krutilla  (26) , 
especially  pages  780-781. 
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Data  Needs 

The  following  items  are  normal  data  needs  for  a  typical  geographic  bound- 
ary. The  data  specified  herein  is  tentative  in  nature,  and  may  be  subject  to 
revision  or  expansion  as  further  experience  indicates. 

1.  Population 

A.  Number 

B.  Type 

(1)  urban—specify  the  number  and  size  of  significant  population 

concentrations 

(2)  rural --farm 

(3)  rural --nonf arm 

C.  Age  composition 

D.  Employment  compositon  (agriculture,  industry,  mining) 

E.  Flow- -numerical  estimates  of  nonresidents  who  enter  the  geo- 

graphic area  on  a  workday  or  other  regular  basis 

2 .  Economic 

A.  Agriculture 

(1)  crops --type  and  value 

(2)  livestock- -type  and  value 

B.  Industry—number  of  plants 

(1)  by  industry 

(2)  by  employment  size 

G.  Mining- -number  of  concerns 

(1)  by  industry 

(2)  by  employment  size 

3.  Miscellaneous 

A.  Auto  registration 

B.  Recreational  facilities 
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(1)  boating  and  swimming 

(2)  parks  - -na t iona 1 ,  State,  local 

(3)  other  unique  features --scenic  and  historical  areas,  unusual 

wildlife,  etc. 

(4)  estimated  annual  tourist  flow 

In  addition,  any  other  data  deemed  pertinent  to  the  particular  project 
should  be  included.2 

Measuring  Changes  in  Pollution  Emission 

To  measure  the  change  in  existing  pollution  levels,  the  following  data 
should  be  compiled  for  all  pollutants  expected  to  be  released  as  a  result  of 
the  project: 

1.  Total  volume  of  emission,  by  type. 

2.  The  time  span  over  which  each  emission  will  occur,  commonly  the  proj- 
ect time  horizon  (except  when  such  effects  are  expected  to  be  of  significance 
for  some  longer  period). 

3.  Annual  rate  of  emission  by  type  (in  some  cases,  this  rate  may  be  dif- 
ferent at  different  points  in  the  project  time  horizon.  If  so,  they  should  be 
noted  and  explained). 

4.  The  time  when  each  type  of  emission  will  first  occur. 

It  can  be  seen  that  in  comparing  alternatives  to  a  project  stipulated  as 
the  base  effort,  ensuing  changes  in  pollution  emission  data  could  act  as  an 
indicator  of  relative  pollution  costs  or  benefits. 

Potential  receptors  would  receive  benefits  as  items  1  and  3  decrease  from 
the  base  effort ,  as  item  2  increases ,  and  as  item  4  is  moved  further  into  the 
future . 

Item  3  could  be  a  key  measurement.  As  the  emission  rate  decreased,  for 
example,  potential  pollution  costs  would  also  decrease  in  some  amount  relative 
to  it.  If  a  linear  relation  were  assumed  between  emission  rates  and  potential 
damage,  then,  of  course,  the  decrease  would  be  proportionate.   While  it  is 
generally  assumed  that  emission  and  damage  are  not  linear  as  they  move  out 
from  point  zero,  in  the  case  of  marginal  analysis  (an  incremental  change  from 
any  given  point  greater  than  zero),  pollution-damage  relationships  are  not 
presently  defined  with  any  great  degree  of  confidence,  and  in  some  cases  might 
well  be  linear. 

2For  a  detailed  discussion  of  the  development  and  application  of  data  in  meas- 
uring pollution  costs ,  see  Brock  and  Brooks  (6) .   (Underlined  numbers  in 
parentheses  refer  to  items  in  the  Bibliography  preceding  the  appendixes.) 
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The  data  above  should  be,  in  most  cases,  sufficient  to  provide  an  accept- 
able empirical  base.  However,  to  the  extent  that  the  subject  geographic  bound- 
aries contain  environmental  features  of  a  unique  or  intermittently  recurring 
nature,  the  data  may  not  be  completely  satisfactory.   Therefore,  any  meteoro- 
logical, hydrological,  geological,  or  seasonal  features  deemed  peculiar  to  the 
area  should  be  noted  and  explained;  for  such  features  may  exacerbate  the 
effects  of  estimated  project  emission  levels. 

In  addition,  when  feasible,  the  private  costs  of  purchasing  and  operating 
equipment  to  reduce  or  eliminate  anticipated  emisions  should  be  included,  indi- 
cating the  degree  to  which  each  type  of  emission  might  be  curtailed. 


851  -435 
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APPENDIX  B.--THE  HEAVY  METALS  COST-BENEFIT  ANALYSIS--A  CASE  STUDY1  2 

The  purpose  of  this  project  is  to  determine  if  an  expenditure  of  public 
funds  with  the  objective  of  increasing  the  supply  of  domestic  gold  is  justifi- 
able on  economic  grounds. 

Towards  this  end,  a  cost-benefit  analysis  was  undertaken  for  the  project 
of  (1)  discovering  and  delineating  new  sources  of  domestic  gold  and  (2)  ini- 
tiating research  to  improve  the  present  state  of  gold  mining  technology. 

Project  background  research  indicated  that  Carlin-type  and  epithermal 
deposits  were  most  likely  to  be  discovered  in  significant  quantities;  that 
these  deposits  were  amenable  to  open-pit  mining;  and  that  research  oriented 
towards  reducing  costs  in  open-pit  mining  methods  had  a  high  probability  of 
success. 

Therefore,  cost-benefit  data  were  developed  for  four  likely  project  out- 
comes based  on  the  background  research.   These  alternatives  were  both  a  mini- 
mum and  a  probable  discovery  rate  for  Carlin-type  and  epithermal  deposits, 
with  the  amounts  of  contained  commercial  grade  ore  constrained  by  both  present 
and  more  advanced  technology. 

Carlin-Type  and  Epithermal  Deposits 

Assumptions  and  Methodology 

Throughout  the  study  it  was  assumed  that  both  epithermal  and  Carlin-type 
deposits  lend  themselves  to  open-pit  mining.   The  optimum  level  of  production 
was  defined  as  that  which  provides  the  maximum  return  on  investment,  and,  for 
a  potential  deposit  of  a  given  size,  was  derived  from  a  mathematical  mine 
development  model.   The  coefficients  of  this  model  incorporate  the  various 
costs  incurred  in  the  operation  of  a  32 ,000-ton-per-day  open  pit  gold  mine, 
the  original  cost  data  for  which  were  developed  in  a  Bureau  of  Mines  study  by 
Johnson  and  Bennett  (I).3      Variations  in  costs  associated  with  changes  in  size 
and  production  were  derived  following  the  method  described  by  Verner  and 
Shurtz  (27). 

On  the  basis  of  the  mathematical  mine  model,  it  is  assumed  that  labor 
costs  vary  proportionately  to  the  0.4  power  of  capacity;  costs  of  supplies 
vary  directly  with  capacity;  capital  costs  for  the  mill  vary  proportionately 
to  the  0.7  power  of  capacity;  and  mine  capital  costs  vary  proportionately  to 
the  0.8  power  of  capacity.   The  type  of  metal  to  be  found  along  with  the  gold 
is  unknown,  and  it  was  estimated  that  the  milling  equipment  required  to  pro- 
cess some  other  metal  would  increase  the  mill  capital  cost  by  an  average  of 

1  Originally  prepared  by  Robert  L.  Adams  and  John  W.  Sprague,  Division  of 
Mineral  Economics,  Bureau  of  Mines ,  Washington,  D.C.,  October  1967. 

2Appendix  B  was  initially  prepared  as  a  separate  Bureau  of  Mines  document  for 
presentation  to  the  Bureau  of  the  Budget. 
Underlined  numbers  in  parentheses  refer  to  items  in  the  Bibliography  preced- 
ing the  appendixes. 


35 


25  percent  for  ore  with  half  its  value  in  gold,  and  2.5  percent  for  ore  with 
0.9  of  its  value  in  gold.   It  was  estimated  that  coproduct  or  byproduct  metals 
would  have  little  or  no  effect  on  the  other  production  costs.   With  these 
assumptions,  it  is  possible  to  estimate  the  optimum  level  of  production  for  a 
deposit  of  a  given  size  and  with  a  given  grade  of  ore. 

The  Geological  Survey  (USGS)  provided  two  sets  of  estimates,  both  minima, 
and  probable,  of  how  much  gold  and  other  coproduct  or  byproduct  metals  they 
expected  could  be  found  in  epithermal  and  Carlin-type  deposits;  both  estimate 
sets  are  broken  down  into  four  ore  grade  categories,  as  shown  in  table  B-l. 

While  it  is  more  realistic  to  assume  that  each  target  area  will  contain 
ore  of  varying  grades,  the  complexities  involved  in  determining  the  optimum 
level  of  production  based  on  such  an  assumption  suggested  another  approach. 
Instead  it  was  assumed  that  only  one  of  the  four  grades  of  ore  would  be  found 
in  any  given  target  area.   In  this  way  costs  per  ton  of  ore  will  vary  only 
with  production  levels  rather  than  with  both  cost  per  ton  and  revenue  per  ton. 
With  the  quantity  of  gold  for  each  of  the  four  grades  of  ore  in  table  B-l  con- 
sidered as  one  target  area,  an  assumption  has  been  made  concerning  the  size  of 
the  deposits  which  will  make  up  each  target  area.   Each  target  area  will  be 
made  up  of  deposits  of  1.4  million  ounces,  the  approximate  average  deposit 
size  found  in  the  past. 

In  calculating  the  optimum  level  of  production  and  net  income  for  a 
deposit  of  this  size,  a  royalty  payment  of  5  percent  of  gross  value,  a  52- per- 
cent corporate  income  tax,  and  a  15-percent  depletion  allowance  were  included."* 
Finally,  the  assumption  was  made  that  a  company  will  not  undertake  production 
in  a  target  area  unless  it  is  able  to  earn  an  investment  return  of  at  least 
12  percent,  which  is  about  the  average  for  all  mining.   Given  that  part  of  the 
objective  of  the  heavy  metal  program  is  reducing  the  uncertainties  in  gold 
exploration  and  given  that  there  is  no  uncertainty  in  prices  and  markets  for 
the  output,  it  is  a  reasonable  assumption  that  a  12-percent  investment  could 
be  realized. 

TABLE  B-l.  -  Total  gold  reserves  by  grade  of  ore,  million  ounces 


Epithermal  deposits 
(ratio  of  gold  to 
total  value  0.5) 

Carlin-type  deposits 

(ratio  of  gold  to 

total  value  0.9) 

Ore  grade  category,  oz/ton 

0.15 

0.11 

0.07 

0.035 

0.27 

0.198 

0.126 

0.063 

Minimum 

1.5 
7.0 

1.7 
8.0 

4.3 
20.0 

13.7 
64.0 

2.7 
12.6 

3.1 

14.4 

7.7 
36.0 

24.7 

Probable 

115.0 

The  Economic  Analysis 


Based  on  the  preceding  assumptions,  analysis  shows  that  a  1.4-million- 
ounce-deposit,  either  epithermal  or  Carlin-type,  would  only  be  economic  with 
present  technology  if  it  contained  the  highest  grade  of  the  four  grades  of  ore 
listed.   Both  the  highest  ore  grade  for  Carlin-type  and  epithermal  deposits 
(27  and  15  ounces  of  gold  per  ton,  respectively)  will  provide  a  gross  revenue 
of  $10.50  per  ton  of  ore.   (The  grades  of  ore  differ  because  only  0.9  of  the 
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value  of  Carlin-type  ore  and  0.5  of  the  value  of  epithermal  ore  is  assumed  to 
come  from  gold.)  The  optimum  level  of  production  of  a  Carlin-type  deposit  of 
this  grade  of  ore  would  have  an  annual  production  of  270,000  ounces  for  about 
5  years.   The  optimum  level  of  production  for  an  epithermal  deposit  is  300,000 
ounces  per  year  for  4.5  years.   Under  the  minimum  USGS  estimate  of  reserves* 
(table  B-l)  there  would  be  two  Carlin-type  and  one  epithermal  deposits  witt^ 
present  technology.   Under  the  probable  estimate  of  reserves,  there  will  be 
nine  Carlin-type  and  five  epithermal  deposits  with  present  technology. 

It  is  estimated  that  the  Bureau  of  Mines  heavy  metal  research  program 
will  bring  about  technologic  improvements  which  will  result  in  a  25-percent 
reduction  in  overall  costs  incurred  in  open-pit  gold  mining.   This  25-percent 
cost  reduction  will  have  a  twofold  effect  upon  gold  production.   First,  it 
will  increase  the  optimum  level  of  production  for  the  0.27  ore  in  Carlin-type 
deposits  from  270,000  to  540,000  ounces  per  year,  and  for  the  0.15  ore  in 
epithermal  deposits  from  300,000  ounces  to  600,000  per  year.   While  the  total 
gold  to  be  mined  from  these  two  grades  of  ore  will  be  the  same,  it  will  have 
a  higher  present  value  because  it  will  be  mined  at  a  time  closer  to  the 
present.   The  second  effect  of  cost  reduction  is  that  the  gold  in  the  next 
lower  grade  of  ore  in  both  Carlin-type  and  epithermal  deposits  will  provide 
a  return  in  investment  greater  than  12  percent.   The  optimum  level  of  produc- 
tion for  a  1.4-million-ounce-deposit  of  0.198  ounce  per  ton  of  Carlin-type  ore 
will  be  386,000  ounces  for  3.5  years.   The  optimum  level  of  production  for  an 
epithermal  deposit  of  0.11  ounce  per  ton  ore  is  440,000  ounces  for  3.5  years. 
Under  USGS  minimum  estimates  of  reserves  there  would  be  two  such  Carlin-type 
deposits  and  one  epithermal  deposit;  under  the  probable  estimates  there  would 
be  10  Carlin-type  and  six  epithermal  deposits.   (See  table  B-2.)   Figure  B-l 
shows  the  optimum  level  of  production  and  the  maximum  return  on  investment  for 
both  Carlin-type  and  epithermal  deposits  that  will  come  from  a  1.4-million- 
ounce  deposit  at  each  of  the  four  ore  grades.   This  information  is  shown  for 
two  cases,  under  present  technology  and  after  the  introduction  of  cost  reduc- 
tions induced  by  Bureau  of  Mines  research.   It  is  estimated  that  1976  will  be 
the  average  year  for  the  estimated  deposits  to  begin  production.   Table  B-3 
presents  the  estimated  total  annual  gold  production  that  will  come  from  new 
epithermal  and  Carlin-type  deposits. 


TABLE  B-2.  -  Estimated  annual  production  per  1.4-mi 11 ion- ounce 


deposit  by  grade  of  ore 

Produc- 
tion, 
ounces 

Minimum 

life  per 

deposit, 

years 

Number  of  deposits 

Produc- 
tion, 
ounces 

Minimum 

life  per 

deposit, 

years 

Number  of  deposits 

Grade 
of  ore, 
oz/ton 

Minimum 
estimate 

Probable 
estimate 

Minimum 
estimate 

Probable 
estimate 

Without  Bureau 

of  Mines  Research 

With  Bureau  of 

Mines  Research 

CARLIN-TYPE  DEPOSIT 

0.27... 
.198.. 

270,000 

5 

2 

9 

540,000 
396,000 

2.5 
3.5 

2 
2 

9 
10 

EPITHERMAL  DEPOSIT 

0.15... 
.11... 

300,000 

4.5 

1 

5 

600,000 
440,000 

2.5 
3.5 

1 
1 

5 
6 

EPITHERMAL  DEPOSITS 
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Before  cost  reduction 
After  cost  reduction 
Ore  grades 
0.15 
.11 
.07 
.035 


12  percent 
(minimum  acceptable 
rate  of  return  ) 


5  6 

million  tons 


35 
30 
25 
20 
15 
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1- 

10 
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FIGURE  B-l.  -   Estimated  Annual  Ore  Production  Before  and  After  25  Percent  Cost  Reduc- 
tion for  Carlin-Type  and  Epithermal  Deposits. 
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TABLE  B-3.  -  Estimated  total  annual  production  rate  with  1.4  million 
ounces  of  original  reserves  per  deposit 

(thousand  ounces) 


Minimum  estimate  of  reserves 

Probable  estimate  of  reserves 

Year 

Without 
cost  reduction 

With 
cost  reduction 

Without 
cost  reduction 

With 
cost  reduction 

1970 

1971 

0 
0 
0 
270 
270 
270 
570 
570 
300 
300 
420 
270 
270 
270 
270 
0 

0 
440 
440 
836 
616 
936 
738 
810 
540 
666 
396 
396 
798 
600 
300 

0 

0 

0 

270 

540 

1,110 

1,680 

2,250 

2,550 

2,700 

2,370 

2,100 

1,530 

960 

540 

270 

0 

0 
396 

1972 

1,332 

1973 

2,268 

1974 

3,776 

1975 

4,816 

1976 

5,556 

1977 

5,776 

1978 

5,776 

1979 

5,176 

1980 

4,136 

1981 

2,460 

1982 

1,084 

1983 

198 

1984 

0 

1985 

0 

All  of  the  information  presented  thus  far  has  been  based  on  the  assump- 
tion that  the  total  reserves  in  each  deposit  will  be  1.4  million  ounces  with 
no  more  discovered  once  production  begins.  (The  cost-benefit  analysis  which 
follows  is  also  based  on  this  assumption.) 

If,  however,  it  is  assumed  that  this  is  only  an  original  estimate  upon 
which  the  size  of  the  mill  is  determined,  and  that  the  deposit  could  actually 
be  larger,  the  optimum  level  of  production  per  deposit  will  remain  the  same, 
while  the  life  of  each  deposit  will  be  extended  and  the  returns  increased. 
Estimates  of  the  added  production  could  have  been  calculated  but,  to  be  con- 
servative, all  benefits,  costs,  and  the  final  internal  rates  of  return 
assigned  to  Bureau  research  were  calculated  on  the  basis  of  the  mine  lives 
shown  in  table  B-2. 


Project  Cost-Benefit  Analysis 

Industry  Acceptance 

The  first  step  of  the  project  cost-benefit  analysis  was  to  determine 
which  of  the  grades  of  gold  to  be  discovered  as  a  result  of  the  project  would 
yield,  when  developed,  a  rate  of  return  sufficient  to  attract  private  invest- 
ment capital.   The  minimim  satisfactory  rate  of  return  was  assumed  to  be  12 
percent.   Productivity  calculations  based  on  the  assumption  of  present  tech- 
nology, showed  grades  0.15  epithermal  and  0.27  Carlin-type  yielding  a  rate  of 
return  in  excess  of  12  percent;  based  on  the  assumption  of  25  percent  cost 
reduction,  calculations  showed  grades  0.11  epithermal  and  0.198  Carlin-type 
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becoming  commercial  grades.   The  projected  production  from  deposits  of  these 
four  grades  was  then  used  as  the  basis  for  calculating  private  industry  cost 
and  benefits  for  this  project.   (Those  grades  of  gold  yielding  less  than  a 
12-percent  rate  of  return  were  not  considered  further.) 

Probability  of  Success  Allowance 

A  100-percent  probability  of  success  was  assumed  for  all  aspects  of  the 
project,  due  to  time  constraints. 

Estimated  Government  Program  Costs 

The  estimated  costs  of  the  Government  program  for  Carlin-type  and  epi- 
thermal  deposits  are  shown  below: 


Agency 


FY  1967 


FY  1968 


FY  1969 


FY  1970 


FY  1971 


USGS 

Bureau  of  Mines... 


$1,600,000 


$1,975,000 


$1,975,000 


$1,863,000 


$1,738,000 
6,100,000 


Internal  Rate  of  Return  and  Present  Values 

Net  benefits  were  calculated,  based  on  the  optimum  production  level  under 
each  of  the  four  different  assumptions  as  to  size  of  total  reserves.   The  net 
benefits  under  each  assumption  were  then  discounted  over  the  applicable  time 
horizon  (1966-80  with  present  technology;  1966-79  with  a  25-percent  cost  reduc- 
tion with  future  technology)  in  order  to  obtain  the  internal  rates  of  return. 
Tables  B-4  and  B-5,  showing  the  cost  and  benefit  streams  under  each  of  the 
four  assumptions,  are  presented  at  the  end  of  this  section. 

The  rate  of  return  for  each  assumption  is  given  below: 


Technology 

level 

Reserve-size  estimate 

Internal  rate  of  return, 
percent 

Present 

11 

Do 

Probable 

21 

Future1  

12 

Do.1 

Probable 

21 

xIt  is  assumed  that  future  technology  will  permit  a  25-percent  cost 
reduction. 


These  rates  of  return  cannot  be  used  as  a  sole  criterion  of  project  worth, 
As  ratios  they  only  show  relative  benefits,  not  absolute  benefits.   Hence, 
while  the  rates  of  return  are  similar  with  or  without  the  cost  reduction 
expected  from  Bureau  of  Mines  research,  the  absolute  levels  of  benefits  (that 
is,  increased  gold  production)  are  much  higher  with  the  cost  reductions. 
These  differences  are  indicated  in  the  following  table,  which  presents  the 
present  value  of  net  project  benefits  with  and  without  the  cost  reduction. 
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Technol 

°gy 

level 

Reserve-size  estimate 

Net  benefits,   present 
value1 

Present 

Minimum 

$4,507,300 
82,604,061 

Do 

Probable 

19,692,584 

Do.2 

Probable 

190,766,970 

i Present  value  obtained  as  follows:   (1)  Industry  benefits  and  costs 
discounted  at  12  percent  over  applicable  time  horizon,  (2)  Govern- 
ment costs  discounted  at  6  percent  over  applicable  time  horizon, 
and  (3)  discounted  Government  costs  subtracted  from  discounted 
industry  net  benefits  to  obtain  present  value  figures. 

2 It  is  assumed  that  future  technology  will  permit  a  25-percent  cost 
reduction. 

As  shown,  the  present  value  of  project  net  benefits  under  the  minimum 
assumption  is  increased  approximately  $15  million  with  the  achievement  of  a 
25-percent  cost  reduction;  under  the  probable  assumption,  a  25-percent  cost 
reduction  increases  the  present  value  by  over  $100  million. 

All  rates  of  return  and  present  value  figures  were  calculated  assuming  a 
net  benefit  stream  based  on  estimated  reserves  with  a  productive  life  as  shown 
in  table  B-2.   As  noted,  historically  it  has  been  the  case  that  as  known 
reserves  are  committed  to  production,  additional  reserves  are  discovered  and 
project  life  extended.   To  the  extent  that  this  occurs,  the  rate  of  return  and 
present  value  figure  under  all  four  alternatives  would  tend  to  increase, 
limited  primarily  by  the  time  horizon  and  the  applicable  discount  rate. 

Another  potential  source  of  project  benefits  would  be  the  increased  gold 
production  from  presently  inoperative  mines  which  would  be  reopened  because 
of  the  25-percent  cost  reduction. 

No  sensitivity  analysis  was  employed  on  the  25-percent  cost  reduction 
assumption  due  to  time  constraints.   However,  the  rate  of  return  on  both  cost 
reduction  alternatives  was  20  percent  or  better.   Since  these  rates  of  return 
provide  a  considerable  margin  of  safety  over  the  12-percent  minimum  rate  of 
return,  it  appears  that  25  percent  is  not  the  minimum  cost  reduction  necessary 
to  bring  in  additional  gold  production.   Rather,  it  appears  that  a  cost  reduc- 
tion of  something  less  than  25  percent  would  bring  in  sufficient  new  produc- 
tion to  maintain  a  favorable  cost-benefit  relationship  for  these  project 
alternatives . 

Project  Optimization 

No  attempt  was  made  to  optimize  project  expenditure  levels  because  of 
time  constraints.   A  single  level  of  funding  was  assumed  (and  therefore  only  a 
single  research  alternative)  for  both  USGS  and  the  Bureau  of  Mines.   As  a 
result,  this  study  does  not  represent  a  comprehensive  cost-benefit  analysis. 
Rather,  it  shows  the  direct  benefits  of  various  increases  in  the  level  of  gold 
production,  as  developed  within  a  framework  of  assumptions  based  on  information 
largely  provided  by  USGS  and  the  Bureau  of  Mines  Office  of  Minerals  Research. 
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No  attempt  was  made  to  evaluate  such  factors  as  (1)  possible  benefits 
from  a  reduction  in  industry  accident  rates  due  to  a  trade-off  between  open- 
pit  and  underground  mining  of  gold;  (2)  environmental  implications,  such  as 
the  effects  of  the  significant  amounts  of  solid  waste  expected  to  occur  as  a 
byproduct  of  the  levels  of  production  envisioned  in  this  project;  and  (3)  other 
potential  social  effects. 


TABLE  B-4.  -  Project  costs  and  benefits  under  present  technology1 


Minimum  estimate  of  reserves 

Probable  estimate  of  reserves 

Capital 

Geological 

Capital 

Geological 

Year 

Benefits 

costs 

survey 
costs 

Benefits 

costs 

survey 
costs 

Internal  rate  of  return, 

Internal  rate  of  return, 

10.7  percent 

21.2  percent 

1966 

- 

- 

$800,000 

- 

- 

$800,000 

1967 

- 

- 

1,787,500 

- 

- 

1,787,500 

1968 

- 

- 

1,975,000 

- 

- 

1,975,000 

1969 

- 

- 

1,919,000 

- 

- 

1,919,000 

1970 

- 

- 

1,800,500 

- 

- 

1,800,500 

1971 

- 

- 

869,000 

- 

- 

869,000 

1972 

- 

- 

- 

- 

- 

- 

1973 

- 

- 

- 

- 

- 

- 

1974 

- 

$29,530,988 

- 

- 

$120,839,851 

- 

1975 

- 

29,530,988 

- 

- 

120,839,851 

- 

1976 

$22,473,379 

- 

- 

$107,086,135 

- 

- 

1977 

22,473,379 

- 

- 

107,086,135 

- 

- 

1978 

22,473,379 

- 

- 

107,086,135 

- 

- 

1979 

22,473,379 

- 

- 

107,086,135 

- 

- 

1980 

16,517,450 

- 

- 

77,306,488 

- 

- 

1  Industry  capital  c 
gold  production 
these  2  figures 
rate  of  return, 
amortization. 


osts  are  assumed  to  start  in  1974  and  run  for  2  years,  and 
is  assumed  to  start  in  1976.   Selecting  an  average  year  for 
does  not  in  any  way  affect  the  calculation  of  the  internal 
The  benefits  in  each  year  equal  net  profits  plus 
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